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1. Introduction

Superhydrophobic air-retaining surfaces 
underwater offer a great potential for drag 
reduction of ship hull coatings or in fluid 
transportation.[1–6] Additionally, they will 
extend the wide range of applications of 
superhydrophobic surfaces in the field of 
water-repellence and self-cleaning[7–17] as 
it was recently shown by measuring the 
friction reduction[18–24] or the slip length 
of the hydrodynamic velocity profile as a 
corresponding quantity.[4,25–29] However, 
for any technical application of under-
water air layers, the long-term stability 
(persistence) of the air layer is of vital 
importance.[30–34] In order to retain air, 
these structures have to be small and the 
material used should be as hydrophobic 
as possible. Konrad  et  al.[35] described a 
quantitative relationship between struc-
ture size, contact angle, and maximum 
immersion depth at which the air can 

still be kept stable. In a recent publication,[36,37] Xu  et  al. 
showed experimentally that a trench embossed in Teflon with 
a width of 150 µm can retain air at a depth of 55 cm, but not at 
1 m depth. At 50 µm width, a stable air retention up to 1.5 m 
could be shown. So in order to create a functional surface on a 
large scale, it is essential to create hydrophobic structures with 
topography on a very small scale. With respect to these param-
eters most artificial surfaces developed so far failed.[20,35,38,39] 
Surprisingly, the floating fern Salvinia molesta is able to main-
tain a permanent air layer under water during its lifetime. There-
fore, the surface of Salvinia leaves is considered as a biological 
model for technological air-retaining surfaces.[5,40–49] In order 
to have an effective air retention, the upper side of the leaves 
is covered with elastic, superhydrophobic, eggbeater-shaped 
trichomes (later called “hairs”) (see Figure 1a,b). The backside 
of the leaf is hydrophilic, and therefore staying in permanent 
direct contact with water. The complexly shaped hairs on the 
top side are coated with nanoscale wax crystals, which make 
their surface superhydrophobic and prevent water from pen-
etrating between the hairs. This unique structure of Salvinia 
hairs already led to the inspiration of micro-structured oil col-
lecting materials.[50–52] Five criteria have been defined[30] to be 
important for air retention under water: 1) hydrophobic chem-
istry, 2) nanostructured topography, 3) hierarchic architecture, 
4) undercut structural features (overhanging structures), and 5)  

The ability of floating ferns Salvinia to keep a permanent layer of air under 
water is of great interest, e.g., for drag-reducing ship coatings. The air-
retaining hairs are superhydrophobic, but have hydrophilic tips at their 
ends, pinning the air–water interface. Here, experimental and theoretical 
approaches are used to examine the contribution of this pinning effect for 
air-layer stability under pressure changes. By applying the capillary adhesion 
technique, the adhesion forces of individual hairs to the water surface is 
determined to be about 20 µN per hair. Using confocal microscopy and 
fluorescence labeling, it is found that the leaves maintain a stable air layer 
up to an underpressure of 65 mbar. Combining both results, overall pinning 
forces are obtained, which account for only about 1% of the total air-retaining 
force. It is suggested that the restoring force of the entrapped air layer is 
responsible for the remaining 99%. This model of the entrapped air acting is 
verified as a pneumatic spring (“air-spring”) by an experiment shortcircuiting 
the air layer, which results in immediate air loss. Thus, the plant enhances its 
air-layer stability against pressure fluctuations by a factor of 100 by utilizing 
the entrapped air volume as an elastic spring.

© 2020 The Authors. Published by Wiley-VCH GmbH. 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.
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the elasticity of the hairs. All these features are common for 
the top side of the Salvinia leaves and define the Salvinia 
effect.[28]

Salvinia molesta and some of its relatives feature an addi-
tional notable detail: At the tips of the eggbeater-shaped hairs, 
the submicron-sized wax crystals are missing, which make 

these areas hydrophilic and therefore adhesive to water.[53] This 
remarkable feature was named Salvinia paradox,[1] because it is 
in contrast to many other superhydrophobic surfaces in nature, 
which are entirely hydrophobic.[54] The effect of these hydro-
philic anchor cells is that they are “pinning” the water and in 
this way stabilize the air–water interface.[1]

Moreover, the elasticity of the hairs is of great importance 
for the stability of the air layer under fluctuating pressure situ-
ations. These result in variations of the air layer thickness to 
which the eggbeater-shaped hairs can adjust either by bending 
or by compression and expansion.[55,56] The spring constant of 
the hairs of Salvinia molesta is 2.1 N m−1. When the adjustability 
of the hairs reaches its limit, the pinning force of the hair tips 
(the so-called apex) helps to stabilize the air layer (the Salvinia 
paradox).[1] This advantageous property was already investi-
gated in our previous publication,[1] theoretically described 
(see, e.g., ref. [57]) and already implemented in artificial model 
surfaces.[58]

Here, we raise the question how much the pinning force of 
the tips (Salvinia paradox) contributes to the stability of the air 
layer of the Salvinia molesta leaf in underpressure situations 
and whether this force is sufficient to quantitatively explain the 
pressure fluctuation stability observed experimentally.

To answer this question, we show a quantitative analysis of 
the pinning force of a single hair with the capillary adhesion 
technique[56] and present a statistical evaluation. By using the 
adhesion force, averaged over the surface of the leaf we can 
calculate a corresponding underpressure stability limit, which 
defines the point at which the connection of the air/water inter-
face would break. We show that the calculated value would be 
around 0.6 mbar for Salvinia molesta leaves. In our experiment, 
however, we could apply a much higher underpressure without 
air loss. When applying an underpressure to a submerged 
leaf, we found a 100 times higher persistence than could be 
expected from this simple model calculation, assuming the 
hydrophilic pins alone to be responsible for keeping the air 
layer in an underpressure situation. This fact led us to a quan-
titative understanding of the ability of Salvinia molesta to retain 
a stable air layer under water: The thin layer of entrapped air 
serves as a pneumatic spring which provides the restoring 
force preventing air loss. In our experiments, the air spring was 
responsible for ≈99% of the total restoring force for the air layer 
against negative pressure, occurring, e.g., in pressure fluctua-
tions. We determine that without the air spring in operation, 
the leaf loses the air already at 0.6 mbar underpressure, which 
is the value, corresponding to a hydrostatic pressure of a water 
depth of 0.6 cm. This also yields a new key parameter for the 
design of artificial, air retaining surfaces, using the Salvinia 
effect.

2. Results and Discussion

2.1. Measurement of Single Hair Adhesion Forces

The conclusions above were drawn based on results obtained 
by using our capillary adhesion technique[56] to measure the 
adhesion force between the tip of a single hair and a liquid 
(Figure  2). The hair was put into contact with water by its 

Figure 1.  The floating fern Salvinia molesta: a) group of plants (optical 
image, left) and single leaf (optical image, right). The leaf surface is 
densely covered with superhydrophobic eggbeater-shaped hairs having 
hydrophilic tips at their ends (areas shown in red in the SEM images). 
This leads to a “pinning” of the water, e.g., in case of an attached droplet 
(optical image in (b)). Fully submerged in water, this pinning is one 
reason for the high persistence of the air layer trapped between the hairs.
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hydrophilic tip, pointing straight downward to the water sur-
face from above and was then removed (lifted up) again. 
Thus, a water meniscus was created which snapped off at a 
certain point. This happens when the tensile force caused by 
the increasing meniscus exceeded the water adhesion force 
between the tip of the hair and the water. An analysis based on 
evaluations of the surface energy of the meniscus as a function 
of distance shortly before snap-off leads to the value of the water 
adhesion force as described in the Experimental Section and in 
more detail in our previous paper.[56] Using this technique, the 
investigation of the water adhesion force of the tip of a single 
Salvinia molesta hair to the water surface results in an average 
value of 19.5 ± 0.7 µN per hair, when averaging over many dif-
ferent such experiments performed with different hairs. We 
examined 75 individual eggbeater-shaped hairs taken from the 
central region of an S. molesta leaf, 3 mm away from the edge, 
5 hairs from each of 15 different adult leaves, in order to get 
representative information. The distribution of single values is 
given in Figure 2, showing a peak around the average value of 
19.5 µN. Parts of these results have been shown in our previous 
work.[56] Here, we show the statistical distribution of individual 
adhesion forces. From the water adhesion force, we calculated 
the expected underpressure that an individual S. molesta leaf 
can withstand, before the adhesive contact of hair tips to the 
water begins to break and water contact is lost. The hair density 
of S. molesta leaves, as investigated for the leaves used in our 
study was (3.1  ±  0.4)  mm−2 in the middle region 3  mm away 
from the edge. This leads to a water adhesion force per area of 
(60.6 ± 9.0) µN mm−2, which corresponds to an underpressure 
of (0.606 ± 0.090) mbar. Beyond that pressure, the hydrophilic 
tip can no longer keep the contact to the water, withstanding 
the external forces due to underpressure. Once this contact is 
broken, air bubbles form and the air layer is lost.

2.2. Air Layer Stability on a Submerged Leaf of Salvinia molesta 
Studied by Laser Scanning Confocal Microscope (LSCM)

To assess the air layer persistence on a submerged leaf, we 
measured the negative pressure needed to make the first 
hair tip losing its contact with the water: When exposed to an 
increasing underpressure, the trapped air of a leaf expands and 
the air–water interface between the hair tips curves upward, 
obtaining a more arch-like shape.[49]

We studied this process of meniscus deformation due to 
underpressure experimentally by using a home-made pres-
sure cell adapted to a LSCM.[59] For studying the air-to-water 
interface, the interface was fluorescence labeled by staining 
it with fluorescing pigment particles (PS10 (radiant color)), 
which sedimented to the water/air interface. The emitted 
fluorescence signal from the interface was subsequently 
detected with the LSCM. When a certain underpressure value 
was achieved, at first one hair-tip-to-water contact was lost, 
followed by further snap-off events with increasing under-
pressure (Figure 3). This process was perfectly reversible and 
the underpressure needed for the loss of contact of the first 
hair serves as a measure for the air layer persistence. The 
experimentally observed value needed for the first snap-off 
was (56.8  ±  2.5)  mbar, based on the investigation of 50 half 
leaves.

As this is (94  ±  15) times, i.e., about two orders of magni-
tude—more than the calculated value, the high persistence  
of the air layer on Salvinia molesta leaves cannot be explained 
by the attractive forces of the hydrophilic tips of the hairs and 
the water alone. It has to have a second component, which is 
able to explain the remaining almost 99% of the air retaining 
force—an important, but so far neglected component, that 
drastically increases the air layer stability of the leaves.

Figure 2.  Single hair water adhesion force measurement: b–d) a Salvinia molesta hair was attached with its tip downward to a water surface and 
removed from it. The profile of the developing meniscus taken shortly before snap-off was fitted with an elliptic function y(x) (shown in (a)). The 
evaluation of the meniscus surface area allows to determine the energy and force needed for its creation, which equals the water adhesion force of 
the hair tip. Investigating 75 individual S. molesta hairs resulted in the force histogram shown in (d). The average water adhesion force was 19.5 µN.
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2.3. A Suggested Model for Explaining the Remaining  
Factor of 100 in Air Retention Stability

A simple model may help to explain the nature of the missing 
part of the air-retaining force at underpressures (and in fact also 
at overpressures). As the hydrophilic pins at the end of the hairs 
lead to an entrapment of the air layer, underpressure leads to 
an expansion of the air layer—while the entrapped amount of 
air and the temperature remain the same. Such an expansion of 
the volume of the entrapped gas at underpressure is achieved 
by two effects: 1) the elastic properties of the crown of the egg-
beater-shaped hairs allow elongation at underpressure and 2) 
the deformation of the meniscus at underpressure. As we had 
shown above in the LSCM experiments the deformation of the 

meniscus at underpressure also allows for volume expansion 
even for the case of stiff hairs. Volume expansion of a gas at 
constant temperature leads to a decrease of pressure. For ideal 
gases—which is a particularly good approximation for air at 
ambient conditions and even at slightly elevated pressures—the 
universal gas equation is valid

· · ·p V n R T= � (1)

where p denotes the gas pressure, V the gas volume, n the 
amount of substance in units of mol, R the universal gas con-
stant, and T denotes the absolute temperature. An expansion of 
the gas volume due to underpressure thus creates a decrease in 
pressure of the gas volume and this, in turn, creates a restoring 
force pulling the water interface toward the leaf. In this model, 
the entrapped gas volume acts as a pneumatic spring or air 
spring. This shows a brilliant and at the same time simple 
strategy of the plant: It “delegates” about 99% of the overall 
restoring force, needed to keep the air to the entrapped air 
volume, which acts as an elastic “air cushion.”

The key remaining question is whether this force is really 
the relevant force for explaining the observed increase by a 
factor of 100 in air layer stability at underpressure.

To answer this question, we designed the following experi-
ment: We expose a living leaf of Salvinia molesta to different 
underpressures in two situations—one with the restoring force 
of the entrapped air switched on and one with the restoring 
force of the entrapped air switched off. The latter is achieved 
simply by opening the air cushion and directly connecting 
it with the ambient air (Figure  4d). In this way, there is no 
entrapped air volume and the pressure in the air layer is always 
adapting itself to the outside pressure.

2.4. Quantitative Evaluation of the Effect of the Experimentally 
Observed Meniscus Deformation on the Air-Spring Effect

To estimate the effect of the air spring more precisely, we 
considered the effect of the applied negative pressure on the 
air–water interface, as measured by confocal microscopy 
and shown in Figure  3. With an applied negative pressure of 
60 mbar, the interface moved from 120 µm inwardly convex at 
0 mbar to ≈120 µm outwardly convex. In order to calculate the 
absolute air volume change per area, we have taken a closer 
look at the leaf surface and estimated the local distribution of 
pinning points. This degree of bulging of 120 µm was observed 
between two pinning points with a distance of about 800 µm. 
The air–water interface between closer fitting pinning points 
was less bulged because an interface with constant curvature 
was formed.

The upper part in Figure 5 shows a view of half a leaf. The 
density of trichomes and thus the pinning points varies slightly 
within the leaf, with a particularly low density always being 
found toward the middle of the leaf, closer to the stem (left side 
in this example). This is exactly where the first loss of contact 
usually occurs due to the particularly large distances of pinning 
sites. Due to the disordered distribution of the contact points, 
a volume calculation of the air under the deformed interface 
is only possible using an empirical model of the topography. 

Figure 3.  LSCM of the air–water interface—and the direct observation 
of snap-off processes at underpressure: When exposed to an increasing 
underpressure, the trapped air of a submerged half-leaf of Salvinia 
molesta expands and the air–water interface between the adhesive hair 
tips is bent more and more as could be observed using laser confocal 
microscopy. The hairs with adhesive (hydrophilic) pinning sites (red) 
are schematically drawn. Here at about 60 mbar underpressure, the first 
snap-off occurred, followed by a further one at 70 mbar. The first snap-off 
occurred at an underpressure of ≈55–60 mbar (n = 50).
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Figure  5a shows a possible scenario that corresponds to the 
situation in Figure 4c. In the situation, the volume of air under 
the bulged part of the air cushion is about 60% of a flat air 
layer of the same height. In our model, we assumed that all 
contact points were situated in one plane 120  µm below the 
highest elevation. With these figures, we could estimate the 
expansion of the volume. The volume of air under the upwardly 
bulging interface was about 0.072 × 1 × 1 mm3 at a maximum 
height of 120 µm. If we take into account the initially inwardly 
bulging boundary surface with also 0.072 × 1 × 1 mm3, we get 
0.144 × 1 × 1  mm3.  Since the trichomes expand according to 
their spring constant (of 2.1 N m−1) due to the outward curva-
ture of the boundary surface, another 0.01 mm3 is added here 
at 19  µN.[17,55] This elongation is applied twice, since the tri-
chomes are first compressed and then stretched. This results in 
a total of 0.02 mm3 additional volume.

This means that ≈85% of the volume change of the entrapped 
gas can be attributed to the deformation of the water meniscus 
due to pressure change and the elasticity of the eggbeater 

basket contributes to the volume change by only 15% (as com-
pared to the bulging of the interface).

It is of interest to study the influence of the Laplace pres-
sure, which reduces the internal pressure of the leaf. Assuming 
a distance of 800 µm between two pinning points and a height 
of the segment of 120 µm, the radius of curvature of the air–
water interface is ≈725 µm. We can now calculate the Laplace 
pressure:

2·
p

R

γ∆ = � (2)

with γ being the surface tension of water (72 mN m−1) and 
R being the radius of curvature of the water meniscus. This 
results in a Laplace pressure of about 2 mbar using a sim-
plified spherical cap geometry. We can neglect this pressure 
contribution for two reasons: i) it is low in comparison to the 
60 mbar external pressure and ii) it acts first outward (before 
underpressure application) and then inward (after application 

Figure 4.  Salvinia molesta leaves with (left) and without (“knocked out”) (right) air-spring effect: We mounted half of a leaf onto a glass plate and sealed 
it at the middle section. d) The underpressure needed for the first snap-off drastically decreased from 60 mbar to less than 1 mbar if the volume of the 
trapped air was connected to the atmosphere by a tube. e,f) If higher underpressure is applied to the open leaf, a steam of ascending air bubbles can 
be observed. This situation simulates an infinitely thick air layer, or an ultra-soft air spring. The value of 1 mbar is exactly the value we expect, when 
only considering the measured water adhesion force of the hydrophilic tips of the hairs as stabilizing force acting at the air–water interface. A high 
persistence of the air layer against underpressure therefore needs both: hydrophilic tips and a stiff air spring, meaning a thinnest possible air layer.
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of the underpressure). Due to the pressure change, the 
volume of air in the leaf increases by ≈0.164 mm3 per mm2 
(164 µm increase in height). To achieve this increase in height, 
we have applied a negative pressure of 60 mbar, i.e., we have 
reduced the initial pressure by 6%. This means that the air 
cushion of the leaf works as an air spring with a height of 
164 µm/6% = 2.73 mm. This calculated value of the effective 
height of the air (spring) layer of a Salvinia molesta leaf is in 
remarkably good agreement with the actually observed length 
of the trichomes.

2.5. Experimental Proof of the Air-Spring Model: Air Layer 
Stability of a Submerged Leaf of Salvinia molesta with Knocked 
Out Air-Spring Effect

To prove the function of the air spring, we prepared Salvinia 
molesta leaves with knocked out thin layer air-spring effect, 
i.e., with an air layer of unlimited thickness, which means an 

open air volume (infinitely soft air spring). Experimentally, we 
realized this by the following method. We mounted half of a 
leaf onto a glass plate and sealed it at the middle section. Then 
we build in a tube connecting the trapped air volume of the 
leaf with the outside atmosphere. Consequently, an infinite air 
film thickness was simulated equivalent with an infinite soft 
air spring. Now, only the water adhesion forces of the hair tips 
should be responsible for the remaining underpressure resist-
ance. The first snap-off now occurred at (0.79  ±  0.22)  mbar 
underpressure (n  = 20). At higher underpressures, air bub-
bles started forming through the open leaves leading to an 
ascending chain of bubbles (Figure 4). Thus, within the limits 
of experimental accuracy, we could exactly reproduce the cal-
culated underpressure value. The air layer of a leaf can persist 
0.6  mbar, provided that only the water adhesion force of the 
hydrophilic hair tips is considered. This shows that the effect 
of a sufficiently thin layer air spring (hard spring) in combina-
tion with the flexibility of the hairs is the crucial component in 
explaining the Salvinia effect.

Figure 5.  The areal density of pinning points varies over the leaf’s surface roughly between 3.0 and 3.75 hairs mm−2. a) The lowest density is realized 
in the central region closer to the leaf stem. With negative pressure applied, the air/water interface is most dented in this region. This is the position 
the first snap-off will take place. From in situ confocal microscopy images of similar leaves we know that the amplitude of corrugation is about 120 µm 
at 60 mbar underpressure. Using these values, á ) we can calculate a model profile which shows 60% volume fraction of air in the corrugated upper 
zone. With these data we can determine the effective air cushion thickness (air spring) to be 2.73 mm for this type of adult (half) leaf of Salvinia molesta.
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2.6. Artificial Hairs with Varying Adhesive Spot Size

While the pinning effect of the ends of the trichomes alone 
is not sufficient to explain the restoring forces against air 
loss at underpressure, it provides the basis for entrapping a 
finite volume of air, which, in turn, is able to act as an air 
spring. To understand this pinning effect of the hydrophilic 
tips of the Salvinia trichomes and its dependence on the size 
and diameter of the hydrophilic pinning areas in more detail, 
we designed base elements of artificial Salvinia effect sur-
faces (epoxy pillars with a round top) artificially which were 
equipped with a micro-structured superhydrophobic coating 
as described in the Experimental Section (see Figure  6).  
The tips of the pillars were hydrophilically functionalized 
as its biological role model, the hairs of Salvinia molesta. 
We calculated the water adhesion force using the presented 
meniscus technique depending on the hydrophilic pinning 
area, which we determined by scanning electron microscopy 
(SEM). The results are shown in Figure 5. The water adhesion 
force rises to values of about 20 µN with increasing pinning 
area and stabilizes at this level (at about 10 × 103 µm²). From 
then on, it only rises slightly with further increasing pinning 
area to about 25 µN when the round pillar tip is almost fully 
hydrophilically coated. So, for the design of artificial Salvinia 
effect surfaces, it is important that the hydrophilic pinning 
area exceeds roughly the value mentioned above to get high 
water adhesion forces and thus high air layer persistence. The 
results indicate that in this geometry, larger pinning areas are 
not yielding higher forces. However, in technological applica-
tions, e.g., in ship hulls, they might have a detrimental effect 
on friction reduction.

The cross-section of the hydrophilic surface of Salvinia 
molesta, at 50 µm, is significantly larger than the minimum area 
found here, where maximum adhesive force is already achieved. 
This indicates that the hydrophilicity is not as pronounced in 
the biological model. In fact, our preliminary investigations on 
artificial and natural trichomes coated with different reference 
materials with different contact angles showed that the contact 
angle of the hydrophilic spots in the natural model is about 35° 
and not 20° as in the case of poly-(2-vinylpyridine) used here. 
This means that nature seems to compensate the lower hydro-
philicity with a larger area of the hydrophilic area.

2.7. Reaction of the Immersed Salvinia Leaf at Overpressure 
with and without Air-Spring Effect

After we have seen what dramatic effect the loss of the air 
spring has on the stability in the case of underpressure (nega-
tive pressure), it is of interest to observe what the contribution 
of the air spring at overpressure (positive pressure) is. This is 
highly relevant both in the case of pressure fluctuations (which 
include positive and negative pressures), and at higher water 
depths, where the gravitational pressure load acts as at over-
pressure. To study the behavior of the leaf at overpressure and 
to quantify the air loss, we mounted a complete leaf on a glass 
carrier and immersed it in an acrylic cylinder under water. Even 
after 1 week under water at a depth of 40  cm, no air loss was 
detectable, at least visually. Only at higher water depths of, e.g., 
2 m, a decrease of air was observed within a few days.

The situation is completely different when the air volume of 
the submerged leaf is in contact with the atmosphere by short-
cutting the sealed air volume of the leaf directly to the ambient 
pressure. We stitched a thin cannula into this sealed air volume, 
the plastron, of the leaf submerged at a depth of 38 cm beneath 
the water surface, which was connected by a capillary to a vessel 
at the level of the water surface (see Figure 7a). When the valve 
in Figure 7a was opened, the air flowed evaded from the plant 
leave into the vessel at water level and thus spontaneously emp-
tied the air cushion held by the leaf, proving that the dewetting 
forces of the hydrophobic hairs alone are not able to keep the 
air even at a depth of only 38 cm.

For a quantitative analysis of this process, a diving bell col-
lected the air displaced by the water pressure, which exited the 
capillary in the form of bubbles. The video-supported, time-
resolved counting of the bubbles at the end of the 1 mm diam-
eter capillary and the measurement of the total volume by means 
of a precision syringe allowed a quantitative analysis of the defla-
tion of the leaf as a function of time (Figure  7f). The volume 
versus time curve shows two different dynamic regimes: a rapid 
deflation of the air of the leaf through the dry capillary, followed 
by a slower depletion, which can be explained by the fact that 
finally water enters the capillary and continues to displace the 
remaining air from the capillary. The process comes to a stand-
still when the last bubble (in the experiment shown as bubble 
no. 10) detaches from the capillary. A complete relaxation of the 
system is not expected due to the capillary pressure of about 
2.88 mbar due to the radius of the last remaining bubble at the end 
of the capillary (2 σ/r = 2 × 72 mN m−1/0.5 mm). If this residual 
pressure is taken into account, ≈100 µL (=351 mm of the 38 cm 

Figure 6.  Artificial hairs with varying adhesive spot size: Like their bio-
logical model—the hairs of Salvinia molesta—the artificial (superhydro-
phobic) hairs were equipped with hydrophilically modified pinning areas 
(red colored in the SEM image). With increasing pinning area, we observe 
a strongly growing water adhesion force to 20 µN up to a pinning area of 
about 100 µm in diameter, followed by only a slight increase up to 25 µN 
with further rising pinning area.
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underwater tube length x π x (300 µm)2) of the air should come 
from the displacement process of the rising water. This means 
only 140 µL come from the leaf, which, after microscopic analysis 
of the plant leaf being used and 3D modeling, provides a total of 
380 µL of entrapped air volume in the plant leaf (see Figure 8). 
Thus, the air loss of the leaf corresponds to a volume of ≈37% of 
the entire air envelope volume spanned by the trichomes as soon 
as the valve is opened (aerodynamic regime in Figure 7f). Then 
water enters the tube and subsequently displaces the air from the 
tube at a slower speed (hydrodynamic regime in Figure 7f). Our 
experiments showed that the process of deflating and inflating 
the leaf can be repeated several times, if only a part of the 140 µL 
are allowed to escape (not shown in Figure 7).

3. Conclusions

By immersing Salvinia molesta leaves under water and exposing 
them to an underpressure, we find an impressive stability 
against air bubble formation up to a value of about 60 mbar, 
which is almost 100 times higher than what has been expected 
from our water adhesion force measurements: With a hair den-
sity of about three pinning points per mm2, the water adhesion 
force of about 20 µN leads to a value of only about 0.6 mbar for 
the underpressure resistance.

During experiments with leaves with knocked-out air-spring 
effect, in which the trapped air volume of the leaves was con-
nected to the atmosphere, representing an infinite air reservoir 

Figure 7.  Salvinia molesta leaves b) with and c) without (“knocked out”) air-spring effect: a), 1) we mounted a complete leaf on a glass plate and 
immersed it 38 cm under water. 3) A capillary connected the air volume with a higher placed vessel, but first 2) with the valve closed. When the valve 
was opened, the air immediately flowed upward, leaving a much emptier leaf at depth. e) A diver’s bell collected the extracted air which could finally be 
measured using a precision syringe. A quantitative analysis of the video, which can be seen as Supporting Information shows that within the first 0.5 s 
air with about 38% of the air-retaining volume of the leaf is drained into the diver’s bell until presumably water enters the capillary, which slows down 
the appearance of air bubbles (hydrodynamic regime in (f)). The immediate collapse of the air layer when the air spring is switched off shows that the 
air spring is an enormously important aid for the plant, not only when there is negative pressure (Figure 4), but also when there is excess pressure.
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with no air entrapment, we measured the corresponding weak 
underpressure resistance: At about 0.6 mbar, the first pinning 
point of the air–water interface was lost. At higher underpres-
sures, a stream of air bubbles ascended from the leaf surface 
and the air layer was lost.

The impressive stability of the closed leaf system, which was 
also confirmed by in situ laser confocal microscopy, mainly results 
from the air-spring effect of an entrapped air volume. The air 
layer on the leaf requires a force to be expanded or compressed 
and serves as a spring that significantly reduces the movement of 
the air/water interface for a given underpressure. The shape of the 
resulting expanded air cushion is determined by the interaction of 
surface tension and the flexibility of the hairs. Only when a critical 
volume of the air layer is exceeded, the first contact points are lose, 
because the outward bended air/water interface pulls too strongly 
(>20 µN) on the pinning sites at the end of the hairs.

Finally, artificial hairs with a varying hydrophilic pinning 
area showed similar adhesion forces (20  µN) as the natural 
model Salvinia molesta at an area of about 100 × 100  µm².  In 
our experiments, larger pinning areas did not yield significantly 
higher adhesion forces.

The overpressure experiment, which is shown in Figure  7 
(and in the video in the Supporting Information), proves the air 
spring is a very important protection against air loss not only at 
underpressure but also at overpressure.

To conclude, with the effect of the air layer as an elastic 
spring, a key factor for understanding the air-retaining proper-
ties of Salvinia molesta at fluctuating pressures was identified 
and quantitatively understood. The results may pave the way 
for designing air-retaining surfaces for technological applica-
tions such as drag reducing ship hulls, where the stability of 
the lubricating air layer at turbulent conditions and fluctuating 
pressures is a key requirement.

4. Experimental Section
Single Hair Adhesion Force Measurement: A single Salvinia molesta 

hair or an artificial hair was picked at its base with a tweezer which was 
fixed on a stepping motor with the hair tip downward.[56] The hair tip 

was then attached to the surface of a water-filled container standing 
below and removed from the surface with a velocity of 120 µm s−1. When 
the tensile force caused by the increasing meniscus exceeded the water 
adhesion force to the hair tip, the meniscus snapped off. This process 
was captured with a CCD camera. The meniscus profile shortly before 
snap-off was now fitted with an elliptic function

( )= − − − − +( ) 2
2

2

y b
a

a x a c bx � (3)

with parameters a, b, and c as shown in Figure 2. Rotating y(x) around 
the y-axis led to the lateral surface A of the water meniscus. The energy 
W needed to build the meniscus was the surface energy of the meniscus 
plus the surface energy of the contact area minus the surface energy of 
the original, unperturbed air–water interface

σ π σ π σ( ) ( )= + ′ − +·
2

·
2

·
2 2

W A c a c � (4)

with the water surface tension σ and the tension σ ′ of the interface 
between hair tip and water, which was unknown, but not necessary to 
know for the further calculation. The corresponding force pulling at the 
hair was then

σ= ∂
∂ = ∂

∂ ·F W
b

A
b

� (5)

which was equal to the water adhesion force of the hair tip.
Air–Water Interface Imaging at Variable Underpressures with Laser 

Confocal Microscopy: For imaging the air–water interface of a submerged 
Salvinia molesta leaf at variable underpressures, a self-made pressure 
cell with an optical window and a sample manipulator was used. The 
leaves were cut into half along the leaf axis in order to get a flat sample. 
The cutting edge was sealed using hydrophobic modeling clay. After 
filling the pressure cell with water, a sonicated aqueous suspension of 
fluorescent pigment PS10 (radiant color) was injected. The insoluble 
pigment particles sedimented onto the air–water interface within 
20 min. After that, the opening of the cell was connected to a vacuum 
pump and a 10 L buffer recipient to apply variable underpressures. The 
fluorescent signal of the decorated air–water interface was imaged using 
a confocal laser scanning microscope (Leica TCS SP 2 X-1) system with 
an excitation wavelength of 458 and 488 nm and HC PL Fluotar 5x/0.15 
POL Leica 5x dry objective.

Volume Calculations and Density of Pinning Points in Natural Leaves: The 
image of the leaf in Figure 4 was taken with a Keyence 3D microscope. 
The validated areas for the hair density calculations were approximately 
in one plain with a resolution of about 100 µm. For volume calculation 
of the air below the air/water interface with the software fusion 360 
(Autodesk), a surface of approximate constant curvature was manually 
modeled, using the lateral pinning point positions of the real leaf. The 
air volume was calculated by subtracting the volume of a box with the 
same height.

Air Layer Underpressure Stability Measurement: To measure the air 
layer stability of a submerged Salvinia molesta leaf, it was divided along 
the leaf axis into two parts, as it was done for the confocal imaging 
experiments. One of these half leaves was fixed onto a glass plate and 
sealed at the cutting edge using modeling clay. It was then put in a glass 
bottle filled with water up to a level of a few centimeters. The lid of the 
bottle was connected to a vacuum pump and a 10 L buffer recipient to 
apply variable underpressures. In case of the open leaf system, the as 
prepared leaf part was pierced through the piece of clay with a tube at 
the sealed side, which was connected to the atmosphere outside the 
bottle.

Preparation of Artificial Salvinia-Effect Hairs: The artificial hairs whose 
water adhesion force was measured in this work were epoxy pillars 
with a diameter of 220 µm and a round top. They were equipped with 
a micro-particle-filled Teflon AF coating (DuPont) with a water contact 
angle of (160.22 ± 0.54)° and a contact angle hysteresis of (3.74 ± 0.73)°, 

Figure 8.  a) To calculate the volume of the leaf from Figure 7d, it was divided 
into two halves after the overpressure experiment. By microscopic measure-
ment, a 3D model of the trichome envelope of the leaf was made (shown for 
the right half in (c) in gray shading), and thus the volume was determined: 
the right half-leaf, including the trichomes themselves, has a potential air-
holding volume of about 175 µL, the left half-leaf has 205 µL, corresponding 
to a total volume of the entrapped air layer of the leaf of 380 µL.

Small 2020, 16, 2003425



www.advancedsciencenews.com www.small-journal.com

2003425  (10 of 11) © 2020 The Authors. Published by Wiley-VCH GmbH

both measured on flat surfaces. The tips were hydrophilized using 
poly-(2-vinylpyridine) (Polymer Standards Service) with a contact angle 
of (20.11  ± 0.28)°. The hairs were dipped into a thin film of polymer 
solution 3% in ethanol. After measuring the adhesion force using the 
capillary adhesion technique, each individual hair was examined with 
SEM to validate its adhesive surface area.

Overpressure Experiments: For the overpressure experiments, 
complete adult leaves of Salvinia molesta were glued with one side 
on a microscope slide with dental silicone (PRESIDENT COLTENE/ 
Light body ref 60019949). Then a hydrophobized cannula was carefully 
mounted as close as possible to the base of the trichomes (cannula: 
4 mm × 25 (blunt) B. Braun AG Germany, hydrophobization: Mecasurf 
MT1 solution, SURFACTIS Technol. Angres France) 10:1 w/w mixed with 
HMFS Partrices. The cannula was connected with the air-spring relief 
tube (2.2 m long polytetrafluoroethylene, 0.6  mm × 1  mm (inner and 
outer diameter) LHG Laborhandelsgesellschaft Germany). The air-
spring relief valve was a 6 mm ball valve (Festo, Esslingen, Germany). 
As a diver’s bell a 15 mL polypropylene centrifuge tube Carl Roth GmBH 
Karlsruhe, Germany, was used. The precision syringe was a model 
“Hamilton Gastight # 1750,” Hamilton, Bonaduz Switzerland.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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