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Stable Air Retention under Water on Artificial Salvinia
Surfaces Enabled by the Air Spring Effect: The Importance of
Geometrical and Surface-Energy Barriers, and of the Air
Spring Height

Lutz Speichermann-Jägel, Susanna Dullenkopf-Beck, Robert Droll, Daniel Gandyra,
Matthias Barczewski, Stefan Walheim,* and Thomas Schimmel

Superhydrophobic surfaces that can remain dry under water have a high
potential as nontoxic antifouling coatings or for drag-reducing ship coatings.
The Salvinia effect leads to impressive stable air layers on underwater
submerged floating plants Salvinia, decisively determined by the hydrophilic
tips of the otherwise hydrophobic Salvinia hairs (Salvinia paradox). The water
adheres to these hydrophilic tips, stabilizing the water–air interface. An even
more important contribution to the stability of the air layer is provided by the
air spring, which is formed by the air volume bound by the hydrophilic leaf
edge and the leaf base. Using an artificial Salvinia model with hydrophobic
pillars (syn-trichomes), how the stability against pressure changes in water
depends on the height of the artificial hair is systematically shown: a
reduction of the air spring height from 3 mm to 300 μm increases the stability
against negative pressure by 500% from 72 to 380 mbar. Thicker air layers
react much more strongly when subjected to overpressure (1000 mbar). It is
also shown that the presence of a boundary is essential for the function of the
air spring: removing the limiting hydrophilic edge around the hydrophobic air
spring reduces the stability against negative pressure by 300%.

1. Introduction

The floating fern Salvinia molesta can hold air under water for
any length of time on its superhydrophobic/aerophilic upper leaf
surface, which is covered with complex, egg-beater-like hairs, and
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thus breathe under water.[1] Inspired
by this role model, numerous attempts
have been made in the last decade
to 1) understand the phenomenon
and 2) produce artificial, micro- and
nanostructured surfaces that hold air
underwater.

This quest is mainly driven by the
prospect of technical surfaces that re-
main dry under water forever, which
could solve the fouling problem in
shipping, or, e.g., aquafarming, or
floating installations such as solar
parks, without using toxic antifouling
paints. The ultimate goal would be a
coating that simultaneously reduces
the friction of the ship’s hull against
the water or during fluid transport in
channels or pipelines through air lubri-
cation. Air retention extends the field of
applications of superhydrophobic sur-
faces as self-cleaning and water-repellent
surface.[2–12]

It has already been shown that superhydrophobic, air-
retaining surfaces have an immense potential for drag
reduction[13–20] (25%),[21] or the slip length of the hydrody-
namic velocity profile as a corresponding quantity,[22–27] both
under laminar and turbulent conditions,[28,29] or in fluid
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transport and even in prototypical, experimental hull
coatings,[22,30–34] which have already been produced and ap-
plied to very large areas.[35]

However, these promising underwater applications depend on
the long-term stability of the underwater air layers,[20,36–43] which
has not yet been achieved. Some contributing factors have been
investigated, such as the relationship between structure size, sur-
face chemistry, and maximum immersion depth:[42–45] The struc-
ture size must be as small as possible and the material as hy-
drophobic as possible to retain air deep underwater.[44–46] Fur-
ther investigated contributing factors are the gas saturation of
the surrounding liquid, due to the possibility of air loss through
the occurring diffusion between gas layer and water,[47] For all
gases there exists a minimum pore size where indefinite life-
time is achievable, which depends on both geometry and gas
saturation.[48]

The floating fern Salvinia molesta is a well-studied species
that exhibits the ability to retain air with an infinite lifetime,
which therefore makes it THE biological role model[31,49–58]

with various approaches being taken to mimic its structure and
functionality.[15,44,59–63]

Based on the observation of air retention of floating ferns,
five criteria for permanent air retention were recognized early
on:[36] 1) hydrophobic chemistry, 2) nanostructured topography,
3) hierarchical architecture, 4) overhanging structures and 5)
the elasticity of the hairs (trichomes). All these features are re-
alized on the upper surface of Salvinia leaves by a covering of
the upper leaf surface with elastic, egg beater-like trichomes
(Figure 1), whose aerophilic surfaces are coated with superhy-
drophobic, nm-sized wax crystals that prevent the penetration
of water. Salvinia molesta, together with some of its relatives,
has another remarkable detail: The wax crystals are missing at
the tips of the trichomes, making them hydrophilic and thus
water-attracting.[64,65] These hydrophilic cells “clamp” the wa-
ter at the interface and thus stabilize it.[1] The elasticity of the
hairs is of great importance for the stability of the air layer
under varying pressure conditions, since such circumstances
lead to variations in the air layer thickness on the leaf surface,
to which the trichomes can adapt by bending or by compres-
sion and expansion. When the limit of adaptability is reached,
the pinning force of the hydrophilic tips (the so-called apices)
helps to stabilize the air layer (the Salvinia paradox).[1] This
advantageous property has already been investigated in own
publications,[1,66] described theoretically (see, e.g.,)[67] and imple-
mented in artificial model surfaces.[61,68,69] In our earlier work,[1]

we were able to show that the air volume enclosed by the hy-
drophobic film acts like an air spring that counteracts expan-
sion in the event of positive or negative pressure. Overcom-
ing this spring by opening the air volume with an air hose
drastically reduced the stability of the air layer.[66] Instead of
60 mbar, the hydrophilic Salvinia hairs could only withstand 1%
of the negative pressure (still 0.6 mbar) before the air/water in-
terface became unstable and detached from the hair tips. The
air spring therefore makes a decisive contribution to stability
against pressure variations, which cannot be avoided in turbulent
flow.

Here we raise the question to what extent the pinning force
of the tips (Salvinia paradox) of the structure contributes to the
stability of the air layer of analogous artificial structures under

Figure 1. The biological model of stable air retention under water is the
floating fern Salvinia molesta (I). The floating leaves are covered with hy-
drophobic hairs (trichomes) that allow water droplets to roll off (I). These
trichomes have a complex shape and are covered with nanoscale wax crys-
tals. At their tip they have a hydrophilic spot in the form of four terminal,
dead cells. (Marked in red in III, not visible in detail) If the plant is sub-
merged under water, an air cushion forms around the hairs, whose thick-
ness is defined by the length of the hairs (V). The hydrophilic tips stabilize
the air cushion by holding the air–water interface. Our artificial counter-
part of an air-holding structure has the essential features of the biological
model: cylindrical rods that are hydrophobically coated, a boundary that is
created in the plant by the hydrophilic edge of the leaf (II). The tips of the
artificial trichomes (syn-trichomes) are also hydrophilic, which is achieved
by a subsequent coating (red in IV). Like the trichomes of the plant, the
syn-trichomes stretch a silvery, shiny layer of air under water (VI).

negative pressure and how exactly the stabilizing air spring ef-
fect depends on the thickness of the air layer, which in the case
of the natural system (Salvinia molesta) is about 2.5 mm. In our
experiments, we therefore vary the height of the air spring from
300 μm to 3 mm. The importance of the edge is also investigated:
Does the presence and configuration of different barrier types,
purely geometrical and chemical, influence the behavior of the
air spring structures, and can a new design rule for artificial air
retaining surfaces be established?
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Figure 2. The dimensions of the artificial Salvinia structures are shown in (I). Five sample types with different height of syn-trichomes were produced
by 3D printing. The surface energy contrast was achieved by a hydrophobic coating with Teflon/HMFS (static water contact angle 158.5° (II left)) and a
selective hydrophilic functionalization of the column tips with poly(4-vinylpyridine) (static water contact angle 30.2° (II right in red—shown in red in the
SEM image (IV)). Both the column tips and the edge of the structure were hydrophilically functionalized.

2. Results and Discussion

2.1. Manufacturing of Artificial Salvinia-Like Structures

The investigated structures were templated abstractly after the
functional structures of the floating fern Salvinia molesta. The
complex 3D structure of the floating fern was represented by
a simplified 2.5D columnar structure of geometrically similar
size. The structures were arranged as bordered groups of 5 × 5
columns, with column diameters of 0.3 mm, a distance of 0.8 mm
and a distance to the wall of 0.4 mm (see Figure 2). The height of
the structures was varied between 0.3 and 3 mm (approximately
the height of natural Salvinia trichomes), i.e., an aspect ratio be-
tween 1 and 10, to investigate the influence of height. Figure 1
shows both the biological model and the artificial structure. The
hydrophobic property is immediately apparent when a drop of
water is deposited on the upper side of the leaf or the artificial
structure. Microscopically, both structures (SEM images II and
IV) have a rough surface, which in the case of the plant con-
sists of nanoscale wax crystals and in the case of the artificial
structure of a particle-filled Teflon coating. The hydrophilic ends
(marked in red) consist of dead cells without a wax coating in
the case of the plant and a hydrophilic polymer layer in the case
of the artificial structure. When submerged, both the plant (here

a halved leaf was submerged) and the artificial structure show
an air coat stretched by the trichomes, which can be clearly rec-
ognized by the silvery shine arising from the total reflection of
light.

The hydrophilic edge of both the plant and the artificial struc-
ture appears dark, as no air is held there. The initial structures
were produced using 3D printing by stereo lithography and then
replicated in epoxy resin. To approximate the surface chemistry
of Salvinia leaves, the surface was coated with a dispersion of hy-
drophobically modified fused silica microparticles (HMFS) in a
1wt% solution of Teflon AF in a perfluorinated solvent. The tips
of the structure were rendered hydrophilic by a coating of poly-
(4-vinyl)pyridine, which was subsequently hardened using an UV
light treatment.

2.2. Air Layer Stability on a Submerged Syn-Trichome Structure
Studied by LSCM

To assess the air layer persistence, we measured the negative
pressure needed to make the first hair tip lose contact with the wa-
ter: When exposed to an increasing under pressure, the trapped
air of a leaf expands, and the air–water interface between the hair
tips curves upwards, obtaining a more arch-like shape.[58]
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Figure 3. Observation of the air–water-interface shape at varying pressures using laser scanning confocal microscopy (LSCM): To determine the behavior
of the entrapped air layer, the submerged samples were exposed to under pressure, using a self-built pressure vessel. The shape of the air volume was
imaged using LSCM, whereby the air-water interface was labeled using sedimented, fluorescent particles (yellow). When exposed to an under pressure,
the retained air expands and the interface curvature between adjacent pillars increases. At an air-spring-height specific pressure difference (here: 245
mbar to atmospheric), the interface expands to such an extent that it first loses contact with one pillar. This pressure difference we call snap off pressure
Δpsnap off.

We studied this process of meniscus deformation due to un-
der pressure experimentally by using a pressure cell adapted to a
laser scanning confocal microscope (LSCM).[41] The air/water in-
terface was fluorescently labelled by staining it with fluorescing
pigment particles, which sedimented to the interface. The emit-
ted fluorescence signal from the interface was subsequently de-
tected with the LSCM and could be rendered into a cross section
of the interface. The applied pressure difference was incremen-
tally increased and the interface shape determined, until the first
loss of contact between water and structure occurred. This was
defined as the snap-off pressure difference Δsnap off (Figure 3).
These measurements for every sample were repeated 10 times
with this and an adapted setup with optical snap off control.

Two important effects could be observed: The higher the func-
tional structure (syn-trichome), the lower the required snap off
pressure difference. This means in negative pressure situations,
that lower structures retain air better then otherwise geomet-
rically and chemically identical higher samples. The data in
Figure 4 show that the relationship between structural height and
pressure stability follows an 1/h proportionality.

Purely hydrophobic samples, when compared to hydrophilic
samples, lose contact at much lower pressure differences. This
higher stability arises from the mechanical stabilization of the in-
terface through the repeated pinning on top of the pillars. Greater
forces, thus higher pressures, are necessary to detach the inter-
face successfully. This stability enhancement we call the “Salvinia
enhancement factor ES”, and can be calculated using formula 1.

ES =
ΔpSsnap off , hydrophil

ΔpSsnap off , hydrophob
(1)

Averaged across all investigated samples the mean value of
ES is 1.82, ranging between 1.73 and 2.22, where especially with
the higher structural heights the measuring accuracy potentially
skews the value.

Figure 4. Air spring effect on biomimetic surfaces of different air spring
heights: Depending on the height of the air spring, different under pres-
sure to cause the first snap-off are necessary. We find an inverse propor-
tional dependence of Δpsnap off to the air spring height defined by the pil-
lar height. When comparing completely hydrophobic, to hydrophilic air
springs, a further increase in under pressure stability (Salvinia factor be-
tween 1.7 and 2.2) is observable.
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Figure 5. Simultaneous under pressure exposure: When samples with dif-
ferent air spring heights are simultaneously exposed to the same pressure
cycle the increasing strength with decreasing thickness of the air spring is
obvious: After a pressure reduction down to one third, implying an volume
increase to 300%, b) the 0.3 mm spring recovers, while the highest 3 mm
air spring shows c) an air loss via a) bubble formation. After the return to
atmospheric pressure, the air layer for thin air springs is fully intact (b),
whereas the thicker air spring shows an significantly reduced air volume
(no visible air layer anymore (c)).

If samples of different structural height are exposed, as seen
in figure 5, to the same pressure difference, the dependency is
clearly visible: The expansion of the air layer increases with in-
creasing construction height. If the pressure difference is high
enough, the air can no longer be retained and is lost in the form
of bubbles, where the velocity of the air loss is proportional to
the height difference, since higher structures, at constant pres-
sure change rate, reach the snap off pressure earlier. This clearly
demonstrates the geometric dependency of the air retention.

In addition to the height of the columns, which define the
thickness of the air layer, their diameter can also be varied. This
parameter should also influence the stability of the air layer, as
the adhesion of the enlarged column heads should result in an
increase in the snap-off pressure, even if this effect should be
less pronounced for column diameters above 100 μm.[66] Figure 6
shows the negative pressure stability (snap-off pressure as a func-
tion of the column diameter). Columns 150, 300, and 450 μm
thick were arranged on the previously used grid.

There is indeed an increase in the snap-off pressures with in-
creasing column diameters. However, it must also be borne in
mind that the air volume decreases as the column diameter in-
creases, effectively making the air spring stiffer. An increase in
the snap-off pressures can be clearly seen with hydrophilic col-
umn heads compared to the completely hydrophobic columns
(red in Figure 6). The Salvinia factor is 1.63 on average and is
very pronounced for all 3 column diameters (1.57 for 150 μm, 1.7
for 300 μm, and 1.61 for 450 μm thick columns).

Now that it is clear that a thicker layer of air reduces the stability
of the air holding at negative pressure, it is of course also inter-
esting to consider the situation at positive pressure. Here, too, it

Figure 6. The determined snap off pressure shows a relatively weak corre-
lation with the column diameter, although the achieved negative pressure
clearly increases with increasing column diameter. This can be explained,
on the one hand, by the increased adhesion of the column heads with
increasing diameters, but also by the air spring effect, as the larger col-
umn diameters lead to an overall reduction in the retained air volume and
thus effectively to a stiffer air spring. The amplification by the hydrophilic
(Salvinia-like) column heads (the Salvinia factor) is 1.57 for the thinnest
columns (150 μm), 1.70 for the medium columns (300 μm) and 1.61 for
the thicker columns (450 μm), i.e., 1.63 on average.

is to be expected that a thinner layer of air is less strongly moved
by the external pressure. Figure 7 summarizes the results of an
experiment with a confocal microscope. Here, overpressures of
up to one bar could be achieved, which corresponds to a hydro-
static pressure at a water depth of 10 m. The result clearly shows
how the air-water interface is compressed by about half. For the
thin sample with a column height of 300 μm, this results in a
deformation of 150 μm, whereas for 3 mm high columns, these
protrude 1500 μm into the water. This shows that the thinner and
therefore stiffer the air spring will form a smoother surface with
corresponding pressure fluctuations, which will be relevant for
the potential use of air layers to reduce friction in hydrodynamic
applications.

To investigate the importance of both a geometric barrier (GB)
and a surface energy barrier (SEB) for optimum air retention
stability, we produced samples with hydrophilic tips with and
without a boundary wall. There are four variants: 1) without any
boundary (5 × 5 columns free-standing on the hydrophobic sur-
face) 2) the same with a boundary wall, 3) with a hydrophilic wall
boundary and 4) without a boundary wall but with a hydrophilic
bottom outside the column array.

Under pressure variation experiments show a clear result
(Figure 8): Both the geometric boundary in the form of the wall
and the surface energy limitation in the form of a hydrophilic
closure are necessary and the best results can be achieved with a
combination of both. The direct analogy to the plant is not read-
ily apparent here, as it has no wall boundary. Here, nature solves
the problem through trichomes becoming lower and lower to-
wards the edge, the plant thus drawing the boundary line both
to the ground and the hydrophilically functionalized edge. This
is technically difficult to implement as it requires a complex,
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Figure 7. To investigate the effect of air spring thickness in overpressure situations, two samples were exposed to increasing overpressure from 0 mbar
to 1000 mbar: one sample with a height of 300 μm (green data) and one with a height of 3000 μm (red data). The air–water interface was imaged using
confocal microscopy. The thin air layer is pushed downwards by about 150 μm (situation at (a–c)), while the thick air layer collapses by about 1500 μm
(situation at (b–d)). The thicker air layer therefore has a lower restoring force (weaker air spring).

hierarchical structure across several length scales. In addition,
for large-area structures the approach of a flat air/water inter-
face with wall crowns and column tips on the same level is more
promising than a bowed surface as found on Salvinia leaves. The
leaves trichomes are longer in the center than at the edge.

3. Conclusions

Artificial structures inspired by Salvinia (array of hydropho-
bic/aerophilic “syn-trichomes” surrounded by geometrical bar-
riers) were successfully created using nature as a model. Us-
ing a combination of laser lithography, replication in epoxy resin
and coating processes, both purely hydrophobic and mixed hy-
drophobic/hydrophilic structures were produced. The height of
the structures was varied between 0.3 and 3 mm. When such
structures are exposed to pressure variations toward under pres-
sure, two important tendencies were observed and quantified: As
the pressure difference increases, the air layer bends outwards
from the structure and if this difference is large enough, contact
between the structure and the interface is lost (snap-off pressure).
This snap-off pressure is inversely proportional to the height of
the structures, whereby lower structures and thus thinner air lay-
ers require much higher pressure differences (10-fold decrease in

height, 14-fold increase in pressure) for the snap-off pressure to
occur. Hydrophilically functionalized syn-trichome tips stabilize
the air layer even more and thereby increase the required pres-
sure difference, with the observed increase in the Salvinia effect
between structures of the same height being about twofold (min-
imum 1.7×, maximum 2.2 (Salvinia Enhancement Factor)). In
the case of overpressure loading up to 1 bar (corresponding to
10 m water depths), the hardness of the air spring could also be
demonstrated with thin layers of air, whereby 10 times thicker
layers of air are depressed correspondingly 10 times deeper.

Finally, we investigated the role of the edge of the structural
unit. As with the Salvinia leaf, the artificial air retaining struc-
tures also have an edge that seals off the air volume and stabilizes
the enclosed air layer both geometrically as a wall boundary and
through its hydrophilicity. Without this edge seal, the air can es-
cape to the side and be quickly transported away in the form of
migrating bubbles, especially in hydrodynamic flow conditions.

These results provide new, additional guidelines (low air layer
height/strong air spring and both strong geometric boundary
GB and strong surface energy boundary SEB) for the design of
truly permanent air retaining structures, which are necessary for
a broad adaptation in technical applications. More research is
required to quantify further the influences of both geometrical
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Figure 8. Influence of the geometrical and surface energy barriers: Without a sufficiently bound air volume, the air spring effect cannot increase the
stability against under pressure. In this experiment, the barrier of the air volume was modified by changing the sample geometry through removal of
the cavity wall we call geometrical barrier (GB), and by reducing the surface energy barrier by omitting the hydrophilic perimeter coating we call surface
energy barrier (SEB). The system with both barriers (GB+SEB) performs best, while in case of one or none of the barriers, the system is less stable, and
the air starts spreading laterally (marked by *) before bubble detachment would occur. Furthermore, laterally spread bubbles are weaker bound and could
easily be displaced, e.g., in hydrodynamic flow conditions, leading to air loss. The air spring effect is therefore only effective in double barrier systems,
with both GB and SEB.

parameters, such as pitch or syn-trichome diameter, and surface
chemistry, e.g. different coating chemistries. Above all, the thick-
ness of the air spring must be carefully considered when design-
ing artificial air retention structures, especially if pressure fluc-
tuations are to be expected, such as in turbulent flow conditions.

4. Experimental Section
Preparation of Artificial Salvinia-Effect Structures: The master struc-

tures were prepared by stereo lithography using a FORMLABS Form 3L
System with Grey Resin, with a z-resolution of 25 μm, using self-created
CAD files.

These master structures were then replicated first in as-received sili-
cone rubber (Troll Factory Typ 3,Troll Factory), following the manufactur-
ers guidelines. From these new negatives, positive replicates were molded
using as-received epoxy resin (epoxy L, hardener L, R&G Faserverbundw-
erkstoffe GmbH) following manufacturers guidelines.

A hydrophobic coating was prepared by suspending 1 wt% hydropho-
bically modified fumed silica particles in a 0.5 wt% solution of Teflon AF
(Teflon AF 2400X-J, in a perfluorinated solvent (FC770, 3 M) through stir-
ring for 15 minutes.

The samples were submerged in the solution, removed with tweezers
and the excess removed through compressed air. After drying, the surface
was successfully coated.

For the hydrophilic coating, poly-(4-vinylpyridine) (Polymer Standards
Service, Mainz) was dissolved at 3 wt% in ethanol abs. (Ethanol abs.,
Sigma-Aldrich) under stirring, until all polymer has dissolved. For the coat-
ing of the tips, this solution was spread on a piece of soft rubber and the
samples stamp onto the rubber. First the samples were stored in plain
air, until all solvent had evaporated. Afterwards, the coating was hardened
using a homebuilt UV-chamber (lamp type MHL 570, 400 W, 20 min).

Air–Water Interface Differential Pressure Stability Determination: For
imaging the air–water interface of submerged structures at variable neg-
ative pressures, a self-made pressure cell with an optical window and a
sample manipulator was used (Volume: 14 ml). After filling the pressure
cell with water, 40 mL of a sonicated aqueous suspension of fluorescent
pigment PS10 (Radiant Color N.V., Houthalen, Belgium) was injected. The

insoluble pigment particles were sedimented onto the air–water interface
within 20 min. After that, the cell was connected to vacuum pump and a 10-
liter buffer recipient to apply variable under pressures and overpressures.
The fluorescent signal of the decorated air-water interface was imaged us-
ing a confocal laser scanning microscope (Leica TCS SP 2 X-1) system with
an excitation wavelength of 458 nm and 488 nm and HC PL Fluotar 5 ×
/0.15 POL Leica 5x dry objective.

After changing the pressure in the recipient, the valve separating the
cell from this recipient was open, thus immediately changing the pressure
in the cell. If the pressure was below the snap off pressure, the snap off
occurred instantaneously. The chosen pressure was held over a period of
about 5 min, the required scanning time. The duration of pressure appli-
cation did not influence the air-water-interface (tested up to 1 h).

For a determination of the required pressure, at first a rough approach
in 50 mbar steps was chosen. In subsequent measurements, further in-
crements of up to 5 mbar steps were used.

Additionally, for the determination of the snap off pressure, the samples
were submerged in the pressure cell and the air water interface was ob-
served, while continuously lowering the pressure at a rate of about 10 mbar
s−1 until a snap-off was observed. After the snap-off, the pressure was
returned to atmospheric pressure at the same rate, thus ensuring equal
contact of the interface with all pillars.

To demonstrate the varying behavior at identical under pressure, multi-
ple samples were concurrently submerged in a larger pressure vessel (Vol-
ume: 1.2 L) as the pressure difference was continuously increased beyond
snap of pressure of the most stable structure while the interfaces were
documented using a camera.
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