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Abstract

We experimentally studied the effect of gas flow rate Q on the bubble formation on a

superhydrophobic surface (SHS). We varied Q in the range of 0.001 < Q/Qcr < 0.35,

where Qcr is the critical value for a transition from the quasi-static regime to the

dynamic regime. The bubble geometrical parameters and forces acting on the bub-

ble were calculated. We found that as Q increase, the bubble detached volume (Vd)

increased. After proper normalization, the relationship between Vd and Q generally

agreed with those observed for bubbles detaching from hydrophilic and hydropho-

bic surfaces. Furthermore, we found that Q had a minor impact on bubble shape and

the duration of bubble necking due to the negligible momentum of injected gas com-

pared to surface tension and hydrostatic pressure. Lastly, we explained the primary

reason for the larger Vd at higher flow rates, which was increased bubble volume

during the necking process. Our results enhanced the fundamental understanding of

bubble formation on complex surfaces and could provide potential solutions for con-

trolling bubble generation and extending the application of SHS for drag reduction,

anti-fouling, and heat andmass transfer enhancement.

INTRODUCTION

The formation of a gas bubble on a solid surface submerged in the

liquid has received great attention due to its importance in many

industrial and biomedical applications, including particle separation,1

surface cleaning,2 and drug delivery.3,4 Within these applications, pre-

dicting and controlling the volumeof detached bubble (Vd) is important

because the bubble size determines the gas‒liquid interfacial area and
thereby the amount of heat and mass transfer across the interface.5,6

The simplest way to create a bubble is probably by injecting gas

through an orifice created on the surface. Previous studies have inves-

tigated the change in Vd due to various factors, including the size and

shape of the orifice,7–9 the wetting properties and contact angle of the

solid surface,10–14 the conditions and flow rate of gas injection,15–17

and the properties of the liquid.18,19 Numerous studies focused on the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2025 The Author(s).Droplet published by Jilin University and JohnWiley & Sons Australia, Ltd.

bubble formation through micro-orifices with an aim to reduce the

bubble size.20 Recently, there is a growing interest on the bubble for-

mation by injecting gas through an orifice made on superhydrophobic

surface (SHS).21–24 The SHS is a material inspired by the lotus leaf

and is created by a combination of surface roughness and hydropho-

bic chemistry.25,26 The SHS is distinct from hydrophobic surfaces due

to its large static contact angle (SCA), low contact angle hysteresis,

and the presence of a thin gas layer within the surface roughness

when submerged in the liquid. Considering the wide applications of

SHS, such as drag reduction,27–30 heat transfer enhancement,31–34

anti-bacteria,35,36 anti-icing,37,38 and anti-corrosion,39,40 understand-

ing the dynamics of bubble formation on SHS could have significant

impacts. For example, it may provide new strategies for sustaining

the gas layer on SHS when subjected to turbulent flows41 or gas

diffusion.42,43
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F IGURE 1 Experimental setup for studying bubble formation on superhydrophobic surface (SHS). (a) A schematic drawing of the experimental
setup (SCAmeans static contact angle of the surface). (b) An image showing the presence of air layer on the SHSwhen submerged in water. (c) An
image showing a growing bubble on SHSwith a bubble base pinning at the rim of SHS.

A few experimental studies21–24 have measured the formation of a

bubble by injecting gas through an orifice on SHS at low gas flow rates

(Q< 10mL/min). Rubio-Rubio et al.21 found that as there is increase in

the radius of SHS (RSHS), the bubble formation transitioned frommode

A, where the bubble basewas fixed at the rim of SHS, tomodeB, where

the contact line moved on the horizontal surface and did not reach

the SHS boundary. They also showed that both bubble shape and Vd
could be predicted by solving the Young‒Laplace equationwith certain
boundary conditions. Qiao et al.22 calculated the tangential force that

constrained the spread of bubble from the superhydrophobic region

to the hydrophilic region. Breveleri et al.23 measured the bubble for-

mation on an SHS fabricated on a porous material. They found that

the bubble size increased with an increase in the pressure difference

on two sides of the porous surface. Recently, O’Coin and Ling24 cal-

culated the forces acting on a bubble growing on SHS and found a

balance between one lifting force (pressure force) and two retaining

forces (surface tension force and buoyancy force).

However, the effect of gas flow rate (Q) on the bubble formation on

SHS has received less attention, even thoughQ could play a critical role

in the size of detached bubble. For example, for a bubble forming from

a nozzle, previous studies6,16,44 showed that increasing Q caused a

transition from the quasi-static bubble growing regime to the dynamic

regime, along with a significant increase of Vd. However, it remains

unclear whether Q has a similar effect for bubble formation on SHS.

This paper aims to address this knowledge gap by experimentally mea-

suring the bubble formation on SHS at various gas flow rates. We will

examine the effect ofQ on the detached bubble size, bubble geometri-

cal parameters, necking process, as well as forces acting on the bubble.

Wewill show thatVd increaseswith increasingQ and follows a relation

similar to those reported in the literature.Moreover,wewill explain the

primary reason for a largerVd,which is the increasedvolumeduring the

bubble necking process.

RESULTS AND DISCUSSION

Figure 1a shows the experimental setup. An SHS with a radius RSHS is

submerged in water with a density of 𝜌L = 997 kg/m3. An air bubble

with a density of 𝜌G = 1.2 kg/m3 forms on the SHS. Air is supplied to the

bubble at a constant flow rate using a syringe pump. The bubble shape

is recordedbyahigh-speed camerawith amaximumframe rate of 1000

frames per second. The SCA of the SHS is 152◦. Before a bubble forms,

a uniform air layer is present on the submerged SHS (Figure 1b).When

a bubble forms, the bubble base either pins to the rim of SHS for small

RSHS (Figure 1c) or moves on the SHSwithout reaching the SHS rim for

sufficiently large RSHS.
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TABLE 1 Main experimental parameters and results in current
study.

RSHS (mm) Rmax
b

(mm) Q (mL/min) Q/Qcr Vd (mL)

4.2 4.2 1‒150 0.0023‒0.35 0.17‒0.29

6.3 6.3 1‒150 0.0016‒0.25 0.30‒0.43

19.0 7.2‒7.9 1‒150 0.0071‒0.21 0.34‒0.58

Table 1 lists themain experimental parameters. Three differentRSHS
of 4.2, 6.3, and 19.0 mm and five different gas flow rates (Q) of 1, 5,

20, 50, and 150 mL/min are considered in this study. For RSHS = 4.2

and 6.3 mm, the bubble base is fixed at the rim of SHS so the maxi-

mumbubble base radius isRmax
b

=RSHS. ForRSHS =19.0mm, the bubble

base does not reach the SHS boundary so that Rmax
b

< RSHS, and Rmax
b

varies slightly at different flow rates.We expect that results for an infi-

nite RSHS will be similar to those observed for RSHS = 19.0 mm. The

effect of Q on bubble formation is similar for different RSHS. In the

following, we will mainly show results obtained for RSHS = 6.3 mm.

Results for RSHS = 4.2 and 19.0 mm can be found in the Supporting

Information.

Table 1 also provides the range of Q/Qcr, where Qcr is the critical

flow rate for the transition from the quasi-static regime to the dynamic

regime. FollowingOguz andProsperetti16 andRubio-Rubio et al.,21 Qcr

is calculated as:Qcr = 𝜋(16∕3g2)1/6(𝜎Rmax
b

∕𝜌L)
5∕6

, where 𝜎 = 72mN/m

is the surface tensionand g=9.78m2/s is thegravitational acceleration.

In the current study, Q/Qcr does not exceed 0.35. Similarly, the Weber

number We = 𝜌LQ2∕𝜋𝜎Rmax3
b

(ratio of gas momentum to surface ten-

sion) does not exceed 0.12. Due to the small values ofQ andWe, wewill

show later that the dynamic forces due to the momentums of injected

gas and surrounding liquid are negligible, and the gas flow rate has a

minor impact on the bubble shape. Nevertheless, we will show that Vd
increases as increasingQ.

Figure 2 shows the evolution of bubble shape over time (t) on

SHS with RSHS = 6.3 mm and for five different flow rates. Figure 3

shows the effects of Q on the bubbling period T0, the time duration

of necking (or the time from the appearance of a neck on the bubble

to the bubble detachment) Tn, and Vd. The evolutions of bubble shape

for RSHS = 4.2 and 19.0 mm are shown in Supporting Information:

Figures S1 and S2, respectively. Time t = 0 is defined as the time of

detachment of the previous bubble. Clearly, for different flow rates, the

bubble shapeundergoes a similar evolution (Figure 2, Supporting Infor-

mation: Figures S1 and S2), and the time duration of necking is nearly

same Tn ∼20ms (Figures 2 and3a). These results indicate that the bub-

ble shape and the bubble necking are not affected by themomentumof

the injected gas.Nevertheless, as increasingQ,T0 decreases (Figure3a)

and thereby Tn/T0 (the percentage of necking duration to the bubbling

period) increases from <1% to ∼20%. Moreover, Vd increases by

1.4‒1.7 times as increasingQ from 1 to 150mL/min (Figures 2 and 3b).

Figure 3c shows Vd/VT as a function of Q/Qcr. Here, VT=
2𝜋Rmax

b
𝜎∕𝜌Lg is the Tate volume45 derived from the balance between

F IGURE 2 Time-evolutions of bubble shape at five different gas flow rates. Results are obtained for superhydrophobic surface (SHS) with
RSHS = 6.3mm. Time t= 0 is defined as the time of detachment of previous bubble, and T0 is the bubbling period. Results for RSHS = 4.2mm and
19.0mm are shown in Supporting Information: Figures S1 and S2, respectively.
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F IGURE 3 Effect of gas flow rate on bubbling period and bubble detached volume. (a) Bubbling period (T0) and necking duration (Tn) as a
function ofQ. (b) Detached bubble volume (Vd) as a function ofQ. (c) Vd/VT as a function ofQ/Qcr, whereQcr is the critical flow rate for the
transition from the quasi-static regime to the dynamic regime.

surface tension and buoyancy. For comparison, results for bubble for-

mation on a hydrophobic surface14 and a hydrophilic surface7 are also

plotted. As shown in Figure 3b, surface wettability has a significant

effect on Vd. The SHS has the largest Vd compared to hydrophilic and

hydrophobic surfaces. This result is consistent with the simulations,12

which show that Vd increases as increasing the SCA of the surface.

However, as shown in Figure 3c, after normalization, regardless of

the surface type, the profiles generally follow the same trends. For

sufficiently low flow rates (Q≪ Qcr), Vd/VT is close to 1, suggesting

that the bubble is governed by a balance between surface tension and

hydrostatic pressure. However, as Q approaches Qcr, Vd/VT increases

and is larger than 1. For sufficiently large Q and for bubble detaching

from a nozzle and fromhydrophobic and hydrophilic surfaces, previous

studies13,14,16 showed a power-law relation Vd ∼ Q6/5. Due to the lim-

ited range of Q in the current study, we leave the relation between Vd
andQ in the dynamic regime (Q>Qcr) for future work.

In the following, we will discuss the effect of Q on the bubble geo-

metrical parameters, the bubble necking process, as well as the forces

acting on the bubble.We aim to understand the reasonwhy the bubble

size increases as increasingQ.

Figure 4 shows the impact ofQ on the variations of bubble geomet-

rical parameters, including bubble heightH/l𝜎 , bubble base radius Rb/l𝜎

and bubble radius at the apex Ra/l𝜎. Figure 4a‒c are shown as a func-

tion of t/T0. Figure 4d‒f are shown as a function of V∕l3𝜎 , where V is the

bubble volume. Here, the capillary length scale l𝜎 = (𝜎/𝜌Lg)0.5 = 2.7 mm

is chosen for normalization. Regardless of Q, the profiles have similar

trends: as the bubble grows, H continuously increases, Rb experiences

three stages (an initial increase due to the expansion of bubble base,

then nearly constant, and final a reduction due to the necking), and

Ra reduces continuously until the necking occurs. Moreover, before

necking occurs, the profiles at different flow rates overlap nicely when

showing as a function of V (Figure 4d‒f), consistent with the similar

bubble shapes at different flows rates shown in Figure 2. Again, these

results suggest that the bubble shape is only a function of V and is not

affectedby the flowrate. In fact, at low flowrates and in thequasi-static

region, previous study21 has shown that for a bubble growing on SHS,

the bubble shape can be estimated by Young‒Laplace equation.
Nevertheless, Q has the following three notable effects on these

profiles. First, since Vd (i.e., V at t/T0 = 1) increases as increasing Q,

a larger Q causes the bubble to reach a certain volume and thereby

a certain shape at a smaller t/T0. For example, as shown in Figure 4a,

as increasing Q from 1 to 150 mL/min, the time for bubble to achieve

a height of H/l𝜎 = 2.0 reduces from t/T0 = 0.90‒0.65. Second, as
increasingQ, the bubble achieves a larger V at the time when Rb starts
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O’COIN and LING 5 of 9

F IGURE 4 Effect of gas flow rate on bubble geometrical parameters. (a‒c) Bubble heightH/l𝜎 , bubble base radius Rb/l𝜎, and radius at the apex
Ra/l𝜎 as a function of t/T0. (d‒f) Same results shown as a function of bubble volume V∕l3𝜎 . The capillary length scale l𝜎 is used for normalization.
Results shown are for superhydrophobic surface (SHS) with RSHS = 6.3mm. Results for RSHS = 4.2 and 19.0mm are shown in Supporting
Information: Figures S3 and S4, respectively.

to decrease (Figure 4e). This result might indicate that the maximum

equilibrium volume Ve (i.e., the volume just before the bubble loses

stability) increases as increasing Q. Lastly, Q modifies the trends of

profiles during the necking process: the profiles experience a sudden

jump for small Q but change smoothly for large Q. This is because, as

increasing Q, Tn/T0 increases (i.e., the percentage of necking duration

to the overall bubbling period increases).

Figure 5 shows the effect of Q on the bubble necking process.

Clearly, for different flow rates, when plotting results as a function of

t − T0, the bubble shape (Figure 5a), bubble geometrical parameters

(Figure 5b), bubble vertical acceleration (ab) (Figure 5c), and the min-

imal necking radius (Rneck) (Figure 5d) exhibit similar time evolutions.

Noted that the jump for the curve in Figure 5c (Q = 150 mL/min) is

due to measurement uncertainty in the bubble acceleration (∼0.3 g).

Furthermore, the reduction of Rneck with respect to time follows a

power-law relation Rneck ∼ (T0 − t)0.55, where the power-law expo-

nent agrees with that for a bubble detaching from a nozzle.46–49

These results are consistent with the nearly constant Tn, as shown

in Figure 3a, further demonstrating that the flow rate has a minor

effect the necking process. As explained early, the reason is that the

momentum of the injected gas is negligible compared to the surface

tension.

Nevertheless, Q affects the variation of bubble volume (Figure 5e).

The mechanism behind the increased detached volume with increas-

ing Q can be explained by Figure 5e. During the necking, V is nearly

constant for Q = 1 mL/min, but increases by a significant amount for

Q= 150mL/min. The reason is that the ratio of the volume change dur-

ing necking (QTn) to the bubble detached volume (Vd = QT0) is Tn/T0,

which increases from less than 1% to ∼20% as increasing Q. Conse-

quently, for different flow rates, the difference in V is small at the

beginning of necking process but increases significantly by the end of

necking. This result explains why Vd increases as increasingQ.

Figure 6a,b shows the variations of forces acting on the bubble for

Q = 1 and 150 mL/min, respectively. Following our previous work,24

we calculated six forces applied on the bubble, including the pressure

force FP = (2𝜎∕Ra+𝜌GgH)𝜋R2b mainly caused by the surface tension at

the bubble apex, the gas momentum force FGM = 𝜌GQ2∕𝜋R2
b
due to

the gas injected into the bubble, the surface tension force FS = −2𝜋

Rb𝜎 sin 𝜃 applied at the rim of bubble base, as illustrated in Supporting

Information: Figure S7 (we assume that the rimof bubble base contacts

with the tip of surface texture, 𝜃 is the contact angle at rim of bubble

base), the buoyancy force FB = (𝜌L−𝜌G)gV − 𝜌LgH𝜋R
2
b

due to the

hydrostatic pressure applied on the bubble surface, the liquid inertia

force FLI = −(11/16𝜌L + 𝜌G)(VdUb/dt + UbdV/dt) accounting for the
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6 of 9 DROPLET

F IGURE 5 Effect of gas flow rate on the bubble necking process. (a) Evolutions of bubble shape at two gas flow ratesQ= 1 and 150mL/min. (b)
Variations ofH/l𝜎, Rb/l𝜎 , and Ra/l𝜎 as a function of t− T0. (c‒e) Variations of vertical acceleration ab/g (c), minimum neck radius Rneck/l𝜎 (d), and
bubble volume V∕l3𝜎 (e) as a function of t− T0. Results shown are for RSHS = 6.3mm. Results for RSHS = 4.2 and 19.0mm are shown in Supporting
Information: Figures S5 and S6, respectively.

momentum of surrounding liquid, and the drag force FD =
−1∕2𝜌LCD𝜋R

2
b
U2
b
. Here, a positive value indicates the force is in

the upward direction, Ub denotes the velocity of bubble in the ver-

tical direction, CD is the drag coefficient given by CD = 24∕Reb(1 +
0.15Re0.687b ),50 where Reb = 𝜌LUbRb/𝜇L is the Reynolds number and

𝜇L = 1.0 × 10−3 N s/m2 is the dynamic viscosity of the water.

As shown in Figure 6, for both flow rates, the primary forces acting

on the bubble are FP, which lifts the bubble, and FB and FS, which are

the two retaining forces. Regardless of flow rates, these forces follow

similar trends: both |FP| and |FB| increase linearly with the bubble

volume, and |FS| initially increases and then remains constant. As

increasing Q, due to the larger Vd, the maximum values of |FP| and

|FB| increase. Moreover, the sum of these three forces: FP + FB + FS is

close to 0. These results confirm that the dynamics forces due to the

momentums of the injected gas and the surrounding liquid are negli-

gible compared to the forces due to surface tension and hydrostatic

pressure, suggesting that the bubble formation is in the quasi-static

regime. This explains why the flow rate has a minor effect on the

bubble shape (Figure 3), bubble geomatical parameters (Figure 4), and

the bubble necking (Figure 5).

Furthermore, as shown in Figure 6b, during the necking, the buoy-

ancy force acting on the bubble remains negative, suggesting that the

positive ab shown in Figure 5c is due to the contraction of the bubble in

the horizontal direction under the action of surface tension. Although

the buoyancy force is themain reason for bubble detachmentwhen it is

generated from a nozzle or hydrophilic surface,51,52 this is not the case

here. Instead, we believe that bubble necking and detachment on SHS

occur because the bubble reaches its maximum equilibrium volume, as
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O’COIN and LING 7 of 9

F IGURE 6 Effect of gas flow rate on the forces acting on the bubble. (a and b) Variations of forces acting on the bubble forQ= 1mL/min (a) and
Q= 150mL/min (b). Results are obtained for RSHS = 6.3mm. Results for RSHS = 4.2 and 19.0mm follow similar trends and are not shown.

explained byRubio-Rubio et al.21 The necking is primarily driven by the

surface tension, which minimizes the surface area of the bubble and

forces the bubble to shrink in the horizontal direction and expand in

the vertical direction.

CONCLUSION

In summary, we studied the effect of gas flow rate on bubble for-

mation on SHS, including bubble detached volume, bubbling period,

bubble geometrical parameters, necking process, as well as the forces

acting on the bubble. The gas flow rate varied in the range of

1 < Q < 150 mL/min and 0.001 < Q/Qcr < 0.35. The main conclusions

are listed below:

∙ Bubble detached volume: Although the current flow rates were in the

quasi-static regime (Q <Qcr), an increased Vd with increasingQwas

observed. The increased Vd was mainly due to the increased bub-

ble volume during the necking process. After proper normalization,

the relationship betweenVd andQ for hydrophilic, hydrophobic, and

SHSs generally followed similar trends.

∙ Bubble shape and necking: The flow rate had a minor impact on

the bubble shape and the duration of necking due to the small

momentum of the injected gas.

∙ Forces acting on bubble: For the current flow rates, the bubble was

driven by a balance between one lifting force (pressure force) and

two retaining forces (surface tension force and buoyancy force). The

dynamics forces caused by the momentums of the injected gas and

surrounding liquid were negligible.

Overall, our results enhance the understanding of bubble formation

on SHS. Considering the wide applications of SHS, such as drag reduc-

tion, anti-bacteria, anti-icing, and anti-corrosion, our findingsmay have

significant impacts. For example, our results may lead to the devel-

opment of new techniques for restoring the gas layer and thereby

maintaining SHS functions for submerged SHS. Our results showed

that even though the gas was injected through a single orifice, it could

spread along the SHS as the bubble base expanded or retracted (as

shown in Figure 4b, the change of Rb). This result may indicate that

gas injection through an orifice on SHS may provide a simple solution

for restoring the Cassie‒Baxter state. In addition, our findings regard-
ing the bubbling period and detached volume provide insights into the

amount of gas required to restore the Cassie‒Baxter state. Our results

could also inspire new methods to control bubble size that involve

micro/nano-engineered surfaces.

The current gas flow rateswere relatively lowandwere in the quasi-

static regime. Future studies are required to understand the bubble

formation process and the detached bubble volume on SHS at higher

gas flow rates at the dynamic regime. Future studies are also needed to

understand why, for a bubble experiencing a negative buoyancy force

during the growing process, the detached volume at low flow rates still

shows a good agreement with VT, which assumes a positive buoyancy

force acting on bubble.

METHODS

The experiments were performed in a transparent acrylic tank filled

withwater. The tankhadan innerdimensionof100mmby100mm, and

the height of thewaterwas 70mm. These dimensionswere sufficiently

larger than the size of the bubble, ensuring a negligible influence on the

bubble formation. An SHS with a radius of 4.2 mm < RSHS < 19.0 mm

was installed at the bottom of the tank. It was created on a 50 mm by

50 mm aluminum plate. To fabricate the SHS, we first created surface

roughness by sandblasting the entire aluminum surface with an abra-

sivemediumof grit size 60 (particlemesh size 35‒100). Then, the rough
surface was cleaned in an ultrasonic bath and coated with hydropho-

bic nano-particles (Glaco Mirror Coat Zero, by SOFT99 Corp.). Only

the center region with a radius of RSHS was coated. The SCAs on

the superhydrophobic and hydrophilic regions were 152 ± 2◦ and
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8 of 9 DROPLET

32 ± 2◦, respectively. The sliding angle of a water droplet on the SHS

was 5± 2◦.

To promote the bubble formation on the SHS, a 0.5 mm diameter

orifice was fabricated at the center of the SHS. The orifice was man-

ufactured before the deposition of the hydrophobic nano-particles. As

a result, during our experiments, the bubble base spread beyond the

orifice rim immediately after bubble formation. A syringe pump (model

#NE-1010 SyringeONE, by New Era Pump System Inc.) was used to

supply gas through the orifice. A long needle with a length of 152 mm

and an inner diameter of 0.61 mm was installed below the orifice to

ensure that the pressure variation in the bubble did not cause a notable

change in the pressure in the syringe. A constant gas flow rate was

achieved for all cases, as shown in Supporting Information: Figure S8.

The current method of injecting gas through an orifice on the SHS is

closely relevant to some practical applications of SHS. For example, a

few researchers53–56 fabricated SHS on a porous base and injected gas

through the porous material with an aim to recover the drag reduction

properties of SHS in turbulent flows. The current SHSwith a single ori-

fice is a simplified model of SHS developed on porous material with

many irregular orifices. We believe this simplified model provides a

fundamental understanding of bubble dynamics on SHS.

To record the bubble formation, a high-speed camera (PCO.dimax

S4, pixel size 11 µm, 2016 × 2016 pixels) and a collimated light (Thor-

labs, model #QTH10, power 50 mW) were used. The maximum frame

rate used in this study was 1000 frames per second, which provided

a sufficient temporal resolution to capture the bubble’s growth and

necking processes. The spatial resolution of the imaging system was

34 µm/pixel. The data were recorded after a series of bubbles had

formed and detached from the surface. The light was turned on only

for a short duration of time and did not change the water temperature.

We applied an image processing procedure described in our previ-

ous work24 to measure the bubble geometrical parameters, including

the volume (V), base radius (Rb), height (H), radius at the apex (Ra), and

contact angle at the rim of bubble base (𝜃). The image processing pro-

cedure included the following steps: first, the wall in the raw images

was removed by subtracting an image containing only thewall. Next, an

intensity threshold was applied to segment the bubble from the back-

ground. Finally, V was calculated by accumulating the cross-section

area at each height level from the bottom to the top of the bubble.

Ra was obtained by fitting the bubble apex with a circle of radius Ra.

𝜃 was found by linearly fitting the bubble shape near the rim of bubble

base. The velocity and acceleration of the bubble in the vertical direc-

tion were calculated as Ub = dyb/dt and ab = d2yb/dt2, where t is the

time and yb is the position of center-of-mass in the vertical direction.

Assuming the uncertainty of yb is 0.1 pixel (i.e., 3.4 µm), the uncertainty

of ab measured during the necking process is about 0.3 g.
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