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A B S T R A C T   

Restoring and maintaining the gas layer (plastron) on underwater superhydrophobic surface (SHS) is critical for 
the real-world application of SHS, such as reducing friction drag in high-Reynolds number turbulent flows. In this 
work, we experimentally investigated the capability of a technology based on porous material and gas injection 
to restore the plastron on an underwater SHS from a fully wetted state. The SHS was created by sprayed coating a 
commercial superhydrophobic coating on a porous steel plate. In the experiments, the SHS was immersed in 
stationary liquid, the gas injection pressure and gas injection duration were independently controlled. The status 
of gas layer on SHS was examined by a high-speed camera. We found that the surface area being restored with a 
plastron increased with increasing gas injection pressure and gas injection duration, and that the plastron 
restoration process involved bubble formation, merging and detachment. A layer of gas was left on the surface 
after bubble detachment. The size of the detached bubble increased with time due to bubble merging, and 
became stable when there was no more bubble merging. Increasing gas injection pressure led to higher gas flow 
rates, larger detached bubble sizes and faster plastron restorations. A plastron restoration within 0.3 s was 
achieved at the highest pressure, faster than the in-situ gas generation methods. Furthermore, we found that the 
gas flow rate through the underwater SHS can be described by a modified Darcy’s law. Our results highlighted 
the potential of using porous material and gas injection to restore the plastron and made possible the real-world 
implementation of SHS.   
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1. Introduction 

Superhydrophobic surface (SHS), inspired from the lotus effect in 
nature, has a wide range of underwater applications, from reducing 
friction drag in laminar and turbulent flows [1–4] to protecting sub-
merged surfaces against corrosion and bio-fouling [5,6]. Furthermore, 
recent studies [7–10] showed that SHS can be applied to resist moisture 
and improve the accuracy of sensor in human health monitoring. 
However, implementing SHS in real-world engineering systems, e.g., on 
a marine ship, remains a huge challenge [11]. One of the main reason is 
the low stability of the gas (or plastron) trapped between the SHS and 
the liquid [12,13]. The gas layer, which most of SHS functions rely upon, 
could be unfortunately depleted due to a number of factors such as 
flow-induced shear [14–16] and pressure forces [17–19], gas dissolu-
tions when exposed to undersaturated liquid [20–22], and increases of 
hydrostatic pressure [23–26]. 

In the past few years, a number of passive and active methods were 
explored to enhance the stability of the plastron for underwater SHS. 
Passive methods mainly involved the use of complex texture geometries, 
such as a combination of micro and nano-scale roughness (i.e., hierar-
chical structures) [27–32], “re-entrance” geometry [33,34], hydrophilic 
barriers [18], porous structures [35], and complex structures inspired 
from nature such as Salvinia leaves [36,37]. Many active methods based 
on gas replenishment were developed to sustain or restore the under-
water plastron. As shown in Fig. 1, the plastron restoration means that a 
SHS transitions from the Wenzel state [38] where water fills the gaps 
between roughness elements to the Cassie-Baxter state [39] where gas 
fills the gaps and a gas-liquid interface forms at the tips of roughness 
elements. Depending on the source of the gas, these active methods can 
be broadly classified into five categories: (i) in-situ gas generation based 
on the decomposition of water [40–42] or other chemicals added in the 
water [43]; (ii) gas transfer from super-saturated liquid to SHS [20,44, 
45]; (iii) in-situ water vapor generation by heating [46,47]; and (iv) gas 
injection through a single hole into the boundary layer over SHS [48, 
49]; and (v) gas injection through a gas permeable material (e.g., pol-
ydimethylsiloxane surface [50]) or a porous base [51–54]. 

Among these active gas replenishment techniques, the one based on 
gas injection and porous material has advantages such as the relative 
ease of implementation and a capability to scale to large surface areas. 
Moreover, by varying the pressure difference on two sides of the porous 
material, this technique allowed the control of the rate of gas replen-
ishment to match with the varying gas depletion rates under different 
flow conditions [50]. However, previous studies mainly focused on the 
effect of gas injection on the sustainability of the plastron, such as against 
the gas dissolution in undersaturated flows [50], against the shear and 
pressure forces in turbulent flows [51,52], and against the hydrostatic 
pressure [53]. Whether and how the gas injection technique can restore 
the plastron from a state where all the gas on SHS is removed (or from a 
fully wetted state) remains an open question. The plastron restoration 
has been observed with other active gas replenishment techniques, for 
example, these relying on in-situ gas generation [40,43]. But no exper-
iments have been performed to demonstrate the plastron restoration 
capability by the gas injection technique. 

In this study, we will provide the first experimental demonstration of 
plastron restoration by the gas injection technique. In addition, the 

novel part of this work will include: (1) development of a new method to 
create SHS on porous material; and (2) understanding of how the plas-
tron is restored during the gas injection process, including the time 
required for the plastron to be restored, and the impact of gas injection 
pressure and gas injection duration on the plastron restoration. Under-
standing the dynamic process of plastron restoration is critical for the 
design and implementation of the gas injection technique. For example, 
such knowledge could inform the pressure and the duration of gas in-
jection. We will test the hypothesis that the success of plastron resto-
ration depends on the gas injection pressure and gas injection duration. 

2. Experimental methods 

We created SHS on porous material by a procedure illustrated in  
Fig. 2(a). First, a porous disk with a diameter of 25.4 mm made of 316L 
stainless-steel (McMaster Carr, #9446T34, thickness 1.59 mm, porosity 
of 20–25 %) was cleaned and dried. A Scanning Electron Microscopy 
(SEM) image of the porous disk was shown in Fig. 2(b). The pore size 
measured from the SEM image ranged from 10 to 50 µm. Then, we 
sprayed a commercial superhydrophobic coating (UltraEver Dry) on one 
side of the porous plate. The application of UltraEver Dry coating 
involved two steps: a bottom coat for generating surface roughness, and 
a top coat for altering the surface hydrophobic chemistry. SEM images of 
the porous plate after applying the superhydrophobic coating were 
shown in Fig. 2(c-d). Clearly, after the coating, the surface consisted of 
both micro and nano-scale surface roughness. A number of micro-pores 
were not entirely covered by the coating materials, which provided 
pathways for the gas to pass through the surface. As shown in Fig. 2(e), 
the water contact angle of the coated porous disk was 162◦, confirming 
that the surface was superhydrophobic. As shown in Fig. 2(f), when 
immersed in water, the entire disk was covered by a thin air layer (the 
fraction of surface area covered was close to 1). 

To characterize how well air could pass through the fabricated 
sample, we experimentally measured the flow rate of air (Q) as a func-
tion of pressure difference (Δp) on two sides of the sample. During the 
measurement, both sides of the porous material were exposed to air. The 
pressure difference was measured by a differential pressure transmitter 
(Omega Engineering, #PX3005–160WDWBI, range 80 kPa, precision 
0.075 %). The flow rate was measured by counting the time required to 
displace a specific amount of water (300 ml) by the air at the exit of 
porous material. Fig. 3 shows the measured Q as a function of Δp for the 
porous material before and after applying the superhydrophobic 
coating. As expected, for both cases, Q followed a nearly linear rela-
tionship with Δp. According to the Darcy’s law, the flow rate passing 
through a porous medium can be expressed as [55]: 

Q = kA
μ

Δp
L , (1)  

where k is the permeability of the porous medium (SI unit m2 [55]), A is 
the surface area (SI unit m2), µ is the dynamic viscosity of the fluid (SI 
unit kg/m/s), and L is the thickness of the porous material (SI unit m). 
Given the SI units of Q and Δp as m3/s and Pa, respectively, the SI unit 
for k (i.e., m2) can be derived from Eq. (1). The larger the permeability, 
the easier the fluids can flow through the porous material. By fitting the 
two curves in Fig. 3, we found an air permeability of k = 5.5 × 10−13 m2 

and k = 2.7 × 10−14 m2 for the porous material before and after 
applying the coating, respectively. As expected, the permeability 
reduced due to the addition of coating on the porous material. 

To study the plastron restoration by gas injection, we performed 
experiments in an acrylic tank as shown in Fig. 4. The fabricated porous 
SHS was installed at the bottom of a tank, with the coated side facing to 
the water and the uncoated side connecting to an air compressor and a 
vacuum pump. The height of water in the tank was fixed at 0.15 m. The 
water surface was exposed to atmosphere. The air compressor aimed to 
replenish the plastron by injecting air upward through the porous Fig. 1. Schematic showing the wetting transition and plastron restoration for 

the underwater SHS. 
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material, and the vacuum pump removed the trapped air on SHS via 
suction. In this work, we mainly studied the impacts of two parameters 
on the plastron restoration: (i) the pressure difference across the porous 
SHS denoted as Δp (a positive Δp indicated that air is forced upward 
through the SHS), and (ii) the time duration of gas injection denoted as 
Δt. To control Δp, we used a high-precision air regulator (McMaster 
Carr, #1888K1, range 25 psi) to vary the pressure at the bottom of the 
SHS. The magnitude of Δp was measured by a high precision pressure 
gauge (Omega Engineering, #DPG108–030 G, range 30 psi, precision 
0.25 %). To control Δt, we used a valve (McMaster Carr, #3976T1) 
whose opening duration can be programmed between 1 and 10 s. To 
visualize the status of gas layer on SHS, we used a CMOS camera (FLIR, 
#GS3-U3–41C6M-C, 2048 by 2048 pixels) and a LED light located on 
two sides of the tank. The light illuminated the surface at an angle such 
that a total internal reflection occurred at the air-water interface. To 
capture the dynamic process of plastron depletion or restoration, we 
recorded images at 82 frames per second (fps). 

Before each plastron restoration test, we removed all the gas on SHS 
by opening the vacuum pump for a short duration of about 1 s Fig. 5 
shows a typical plastron depletion process. Clearly, the gas layer initially 
attached to the SHS was quickly removed, causing the SHS to reach a 
fully wetted state. After achieving the fully wetted state, the plastron 
restoration was tested by gas injection with different magnitudes of Δp 
and Δt. 

3. Results and discussion 

3.1. Impact of pressure and duration of gas injection on plastron 
restoration 

We first tested whether the plastron could be restored at different 
magnitudes of Δp and Δt. We performed experiments for Δp varying 
from 10 to 81 kPa and Δt from 1 to 10 s. For each case, we captured an 
image of the SHS shortly after the gas injection stopped and the surface 
status was stable. The results are shown in Fig. 6(a). For small Δp and Δt, 
the plastron was only restored over a small portion of the entire surface. 
Instead of forming a uniform layer, isolated gas bubbles appeared on the 
surface. Increasing either Δp or Δt resulted in a larger surface area being 
recovered with the gas layer or gas bubbles. When Δp or Δt was suffi-
cient large, the plastron on the entire surface was fully restored. In some 

Fig. 2. (a) Schematic of fabrication procedure for creating SHS on a porous base; (b–d) SEM images of the porous plate before (b) and after (c-d) applying the super- 
hydrophobic coating; (e) A water droplet seated on the coated plate showing a high-water contact angle; and (f) Presence of air layer on the SHS when sub-
merged underwater. 

Fig. 3. Flow rate of air passing through the porous material before and after 
applying the superhydrophobic coating. Data was collected when both sides of 
the porous material were exposed to air. 

Fig. 4. Experimental setup for studying the plastron restoration on a porous 
SHS by gas injection. 
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cases, a single air bubble presented close to the center of the SHS, due to 
the residual air left on the surface after the gas injection. Results for 
Δp > 40 kPa were similar to Δp = 40 kPa and were therefore not 
included in Fig. 6(a). 

To better quantify the degree of plastron restoration, we measured 
the percentage of surface area covered by gas and defined it as φg. To 
measure φg, we manually processed the images shown in Fig. 6(a) by 
selecting the regions that were not covered by gas, and then calculated 
φg as the ratio of gas-covered area to the total area. Fig. 6(b) plots φg as a 
function of Δt for different values of Δp. In all cases, an increase of φg 
with increasing Δt was observed. This trend was most obvious for cases 
where Δp was small. For example, as increasing Δt from 1 to 10 s, φg 
increased from 30 % to 50 % for the lowest Δp = 12 kPa, and from 50 % 
to 90 % at Δp = 19 kPa. At Δp = 54 kPa, φg was very close to 90 % at the 
smallest Δt = 1 s and increased to 100 % when Δt exceeded 8 s 

Based on the trend in Fig. 6(b) that φg increased as increasing Δt, we 
defined a minimum duration of gas injection Δtcr for which φg was larger 
than 90 %. Here, the threshold 90 % was arbitrarily selected. Fig. 6(c) 
shows Δtcr as a function of Δp. As expected, increasing Δp led to a 
smaller Δtcr. This result suggests that at a higher Δp, the plastron can be 
restored with a shorter duration of gas injection. Moreover, comparing 
the experimental data to the scaling Δtcr~1/Δp indicated that Δtcr 
reduced at a rate faster than 1/Δp. 

3.2. Dynamic bubble formation and plastron restoration process 

Next, to understand the dynamic process of how the plastron was 
restored, we showed the plastron restoration process at different levels 
of Δp while keeping Δt = 10 s (the longest duration of gas injection).  
Fig. 7 and Supplementary Video 1 show a plastron restoration process by 
gas injection at Δp = 33 kPa and Δt = 10 s. Clearly, a short period after 
the gas injection has stopped (t = 13 s), the plastron on the entire SHS 
was restored. The plastron restoration process can be generally sepa-
rated into three phases, as illustrated in Fig. 8. During Phase I 
(0 < t < 183 ms in Fig. 7), a number of micro-bubbles merged and 
randomly distributed on the SHS. It should be noted that we defined 
t = 0 as the time right before the presence of these tiny bubbles. The 
shape of these micro-bubbles was similar to these formed on an under-
water orifice. These bubbles grew due to the gas flow. The growth rate 
varied at different positions, probably due to spatial variation of the 
porosity of the SHS. These bubbles could grow to a size of an order of O 
(1 mm) before merging with neighboring ones. We did not observe a 
detachment of these small bubbles probably because the surface tension 
force was larger than the buoyant force and momentum force. 

During Phase II (183 ms<t < 10 s in Fig. 7), small bubbles grew, 
merged into large bubbles, and detached from the surface. We found two 
types of bubble merging: (i) merging of two bubbles that were directly 
contact with each other (e.g., t = 244 ms in Fig. 7), and (ii) merging of 
two non-contact bubbles that were separated at a certain distance (e.g., 

Fig. 5. Time-series of images showing the plastron depletion due to the gas suction from the bottom of the porous surface.  

Fig. 6. (a) Status of the plastron on the surface shortly after the gas injection as a function the duration of gas injection (Δt) and the pressure different (Δp); (b) 
Percentage of surface area covered by gas (φg) after gas injection test; (c) Critical gas injection duration (Δtcr) for achieving φg = 90 % as a function of Δp. 
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t = 366 ms in Fig. 7). In both cases, air flowed from the smaller bubbles 
to the larger ones, which had a smaller pressure inside the bubble ac-
cording to the Young-Laplace equation. The latter case occurred due to 
the existence of a thin air layer on the surface, which bridged the two 
bubbles and promoted mass transfer between them, similar to these 
observed in other experiments [40,56]. The consequence of bubble 
merging was the formation of a bubble with a larger base, which 
increased the surface tension force and promoted the further bubble 
growth. The contact angle at the three-phase contact line was larger than 
150◦ due to the hydrophobic coating. The merged bubbles kept growing 
until they formed a neck and detached from the surface when the 
buoyant and momentum forces overcame the surface tension force. A 
similar bubble growth with a large base radius on the SHS was observed 
in other studies [57,58]. Interestingly, immediately after the bubble 
detachment, an air layer was left at the same position on the surface. 
This was due to the superhydrophobic coating, which caused the air 
trapped Cassie-Baxter state to be thermodynamically favorable 
compared to the wetted Wenzel state [43]. As gas continued to be 
injected through the surface, at the position where the air layer was left, 
new air bubbles of a similar size to the detached ones repeatedly formed, 
grew, and detached. The coalescence of bubbles and the surface-tension 
effects during Phase II are reminiscent to the formation of complexes of 
attractive particles (such as DNA molecules) adsorbed on liquid in-
terfaces [59–63]. 

During the early stage of Phase II (183 < t < 1037 ms in Fig. 7), 

multiple air bubbles located at different positions along the SHS grew 
and detached. As time progressed, the bubbles further merged to bigger 
ones. At the late stage of Phase II (t > 1098 ms), there was no further 
bubble merging. Only a single large bubble located at the center of 
surface repeatedly formed, grew, and detached. During Phase III after 
the gas injection has stopped (t > 10 s), an uneven air layer covering the 
entire SHS was left on the surface and slowly stabilized to a thin, uniform 
layer under the influence of surface tension. 

Fig. 9 and Supplementary Video 2 show the plastron restoration 
process at Δp = 19 kPa and Δt = 10 s. Due to the relatively low Δp, a 
small portion (≈10 %) of the SHS remained wetted following a short 
period after the gas injection. The gas pressure was not strong enough to 
displace all the liquid within the micro-pores on the surface. Yet, the 
overall plastron restoration process was similar to the one shown in 
Fig. 7. The key difference was at the late stage of Phase II. At low Δp, 
multiple small bubbles separated at certain distances, repeatedly 
formed, grew, and detached, without further merging to a single larger 
one. We found that the surface areas between these small bubbles 
remained wetted. 

Fig. 10 and Supplementary Video 3 show the plastron restoration 
process at Δp = 68 kPa and Δt = 10 s. As expected, with a large Δp, the 
plastron over the entire SHS was restored shortly after the gas injection. 
The plastron restoration process followed similar steps as the schematic 
shown in Fig. 8. The merging of two non-contact bubbles (seen in Fig. 7) 
was also observed at t = 98 ms and t = 268 ms in Fig. 10. Compared to 

Fig. 7. Time-series of images showing the plastron restoration by gas injection with Δp = 33 kPa and Δt = 10 s. The final image (t = 13 s) was recorded a short 
period after gas injection had stopped. Multimedia view was provided in Supplementary Video 1. 

Fig. 8. Schematic representation of the plastron restoration process for underwater SHS by gas injection through porous material.  
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the low-pressure case shown in Fig. 7, the plastron restored at a much 
faster rate, including an earlier formation of micro-bubbles from the 
micro-pore on the SHS, a faster growth rate of gas bubbles, and the 
earlier merging of small bubbles to a single large bubble. Interestingly, 
we also found that the size of the bubbles detached from the SHS was 
larger compared to the one at the lower Δp. 

To systemically investigate the impact of Δp on the plastron resto-
ration process, we measured the time-variation of the diameter of the 

detached bubbles Db. Fig. 11(a) shows the time-variations of Db for five 
different values of Δp in the range of 19–81 kPa. For large Δp, the de-
tached bubbles were not perfectly spherical in shape, Db was approxi-
mated by the horizonal dimension of the bubbles. For all cases, as 
increasing time, Db gradually increased due to the merging of small 
bubbles at the early stage of plastron restoration before reaching to a 
stable value (Db

stable) when no more bubble merging occurred. 
Fig. 11(b) shows the impact of Δp on the diameter of the bubble that 

Fig. 9. Time-series of images showing the plastron restoration by gas injection with Δp = 19 kPa and Δt = 10 s. The final image (t = 13 s) was recorded a short 
period after gas injection had stopped. Multimedia view was provided in Supplementary Video 2. 

Fig. 10. Time-series of images showing the plastron restoration by gas injection with Δp = 68 kPa and Δt = 10 s. The final image (t = 13 s) was recorded a short 
period after gas injection had stopped. Multimedia view was provided in Supplementary Video 3. 
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firstly detached from SHS (Db
1st) as well as Db

stable. We found that both Db
1st 

and Db
stable increased monotonically when Δp increased. Two possible 

reasons were identified for this trend. First, as Δp increased, the bubble 
base diameter (Db

base) increased, as can be seen by images shown in 
Figs. 7, 9 and 10. Since the surface tension force applied on the bubble 
equals to surface tension times the bubble base perimeter [58], a larger 
Db

base led to an increase of the surface tension force, allowing the bubble 
to grow larger before the detachment. In the experimental studies by 
Rubio-Rubio et al. [58] and Qiao et al. [57], a larger detached bubble 
size due to an increase of Db

base was also observed. In their experiments, 
different values of Db

base were achieved by varying the size of the SHS. 
Here, the larger Db

base was due to an increase of Δp and an increase of 
time. Second, the larger values of Db

1st and Db
stable could also be caused by 

the higher gas flow rates (Q) as increasing Δp. It is well known that for a 
bubble detaching from an orifice and at the dynamic region (when Q 
exceeds a critical flow rate Qc), the detached bubble size increases as 
increasing Q [64]. According to a model proposed by Oguz and Pros-
peretti [65], Qc= π(16σ5R5/3ρ5g2)1/6, where σ was the surface tension, 
R = Db

base/2 was the bubble base radius, ρ was the density of liquid, and g 
was the gravitational acceleration. Based on this model, for current 
maximum Db

base = 20 mm, Qc = 885 ml/min. As will be shown later, at 
the highest Δp = 81 kPa, Q was found to be approximately 3500 ml/min 
which was larger than the value of Qc. 

For a comparison, the size of the bubble that detached from an un-
bounded SHS at the quasi-static region, Db

Sta,Ub= 9.1 mm, deduced by 
Rubio-Rubio et al. [58] was also plotted in Fig. 11(b). At small Δp, Db

1st 

was smaller than Db
Sta,Ub since the SHS was not yet fully covered by air 

layer and the unbounded condition was not established yet. At large Δp, 
both Db

1st and Db
stable exceeded Db

Sta,Ub probably because the current flow 
rate belonged to the dynamic region as previously explained. 

Fig. 11(c) shows the impact of Δp on the time when the first bubble 
detached from the surface (tb1st), and the time when Db reached to a 
stable value (tbstable). Here, tb1st and tbstable could be approximated as the 
minimum duration of gas injection required for the plastron to be 
partially and fully recovered, respectively. In particular, injecting gas for 
a duration longer than tbstable will not significantly improve φg. As shown 

in Fig. 11(c), as increasing Δp from 19–81 kPa, both tb1st and tbstable 

quickly reduced and reached to stable values of about 0.15 s and 0.32 s, 
respectively. For a comparison, the in-situ gas generation techniques 
required more than 20 s for the plastron to be restored [40,43]. The 
reason that tb1st and tbstable reduced as increasing Δp included the faster 
merging of small bubbles and the larger gas flow rate. However, the 
reason that tb1st and tbstable did not further reduce at Δp > 68 kPa was 
unclear, and required future studies. 

We also performed an experiment for gas injection through an un- 
coated, hydrophilic porous disk. The result was shown in Fig. 12 and 
Supplementary Video 4. The process of bubble formation, growth, and 
detachment was very different from the coated porous disk or the SHS. 
Unlike the coated one, each time after a bubble detached from the un-
coated surface, no air layer was left behind on the surface. The size of 
detached bubble was about 2–3 mm, much smaller compared to these 
detached from the SHS. A merging of two non-contact bubbles separated 
at a short distance, as seen for the coated porous disk, was not observed 
here. 

3.3. Gas flow rate during the plastron restoration process 

To better understand how gas passed through the porous SHS during 
the plastron restoration process, we calculated the gas flow rate as: 

Q(t) = δV
δt =

πDn3
b
/

6
tn
b − tn−1

b
, (2)  

where δV= πDb
n3/6 is the volume of gas (or volume of bubble) passed 

through the surface during a time duration δt=tbn−tbn−1, Db
n denotes the 

diameter of the nth bubble detached from the surface, tbn and tbn−1 denote 
the time when the nth and (n−1)th bubble detached from the surface 
(noted tn=0 =0). Noted that this method might under- or over-estimate 
the value of Q for low Δp since multiple bubbles grew and detached 
from the surface, and only the volume of a single bubble was account at a 
time. The magnitude of Q was an important parameter because it 
determined whether the bubble formation process was at the quasi-static 
regime or at the dynamic regime [64]. Fig. 13(a) shows the 

Fig. 11. (a) Time-variations of the diameter of bubble detached from the SHS (Db) at five different gas injection pressures; (b) Diameters for the first detached bubble 
(Db

1st) and for the detached bubble when Db becames stable or when no more bubble merging occurred (Db
stable) as a function of Δp; and (c) Times for the first bubble to 

detach (tb1st) and for Db to become stable (tbstable) as a function of Δp. 
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time-variations of Q corresponding to the five cases shown in Fig. 11(a). 
The magnitude of Q fell within the range of 10–3500 ml/min with the 
upper limit belonging to the dynamic regime as explained earlier. As 
expected, in agreement with the Darcy’s law, Q increased as increasing 
Δp. Moreover, we found that for all cases, Q initially increased with time 
and then became stable. 

To explain the observed trends for Q, we defined and calculated a 
dimensionless flow rate Q′ as: 

Q′ = Q
kΔpD2

b
/

μL
. (3) 

This equation is inspired from Eq. (1) where Q has a unit of kΔpA/µL. 
For the permeability in Eq. (3), we used k = 2.7 × 10−14 m2, a value 
measured when both sides of the SHS were exposed to air (see Fig. 3). 
We also replaced the surface area A as Db

2. Fig. 13(b) shows the time- 
variations of Q′. Interestingly, after the normalization, all of the pro-
files collapsed nicely, having a value close to Q′= 1.8. Substituting 
Q′= 1.8 into Eq. (3), we obtained the following relation: 

Q ≈ 1.8 kD2
b

μ
Δp
L . (4) 

Eq. (4) is very similar to the Eq. (1), suggesting that the flow of air 
through the underwater porous SHS followed a modified Darcy’s law. 
The difference between the two equations is that in Eq. (4) Q is pro-
portional to Db

2 (the cross-section area of the bubble), but in Eq. (1) Q is 
proportional to A (the surface area of the porous plate). This difference 
can be explained as following: when both sides of the porous SHS are 
exposed to air, the surface area allowing gas to pass through is simply A; 
while when one side of the porous SHS was submerged underwater, the 
area allowing gas to pass through scales with Db

2. Eq. (4) is useful since it 
can be applied to predict the gas flow rate across the porous SHS when it 
is submerged in water. According to the proposed Eq. (4), the reason Q 

increased with time was due to the increase of Db
2. It is also worth noting 

that the permeability for the porous SHS with one side exposed to water 
was nearly same to the permeability for the SHS with both sides were 
exposed to air. Future studies are needed to understand the underlying 
mechanism of this phenomenon. 

4. Conclusions 

In summary, we developed and demonstrated a technique to restore 
the plastron on an underwater superhydrophobic surface. The technique 
was based on the principle of creating SHS on a porous base and sub-
sequently restoring the plastron by gas injection. The experiments 
started from a condition where all the gas on SHS was removed. First, we 
studied the impacts of gas injection pressure Δp and gas injection 
duration Δt on the degree of plastron restoration. We found that the 
percentage of surface area being recovered with a uniform air layer 
increased with increasing Δp and Δt. When Δp and Δt were sufficiently 
large, the entire SHS was recovered with an air layer. It is the first 
experimental study that demonstrated the capability of using gas in-
jection and porous material to restore plastron from a fully wetted state. 

Furthermore, we provided a first experimental study showing the 
dynamic process of bubble formation and plastron restoration by using 
high-speed imaging. We found that the plastron restoration process 
typically involved the formation, merging, growth, and detachment of 
gas bubbles. Immediately after the detachment of bubbles, a layer of gas 
was left on the surface. The size of the detached bubbles initially 
increased with time and then became stable when there was no further 
bubble merging. Increasing Δp caused a larger gas flow rate, a larger 
detached bubble size, and an earlier bubble detachment and plastron 
restoration. At the highest pressure, a plastron restoration within 0.3 s 
was achieved, faster than the in-situ gas generation techniques. The gas 
flow rate through the underwater SHS can be described by a modified 
Darcy’s law, where the surface area was replaced by the area of detached 

Fig. 12. Time-series of images showing the bubble restoration from an un-coated, hydrophilic porous material by gas injection with Δp = 5 kPa. Multimedia view 
was provided in Supplementary Video 4. 

Fig. 13. (a) Time-variations of gas flow rates at five different gas injection pressures; and (b) Normalized gas flow rates.  
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bubble and the permeability was similar to the one measured when both 
sides of SHS were exposed to air. 

Future studies are required to understand the impacts other param-
eters on the plastron restoration, including Reynolds number of external 
flows, permeability of the porous material, and texture geometry of the 
SHS. Future studies are also needed to gain a deeper understanding of 
the bubble formation on the porous SHS. 
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