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Life is a specific characteristic of our planet. The diversity of
life, biodiversity, is one of the most fascinating phenomena. We
know some 1.8 million different species, but all extrapolations
show that probably 20 million or more species exist: We know
less than 10% of the plants, animals and micro-organisms living
on the planet Earth. The editors, who are both biologists, are
well acquainted with these figures whilst for non-biologists this
fact is most surprising and even unbelievable. The process of
life started more than one billion years ago, it is a continuous
process of evolution, of mutation and selection, of structures
and materials. Put another way, this means one billion years of
trial, error and optimization. The diversity of life thus created a
breath taking diversity of materials and structures based on an
extremely restricted number of elements.

It took a surprisingly long time until we understood what we
can learn from one billion years of biological development
work. No doubt, Daedalus and Icarus in Greek mythology
copied biological models — without, however, great success.
This is an unbroken tradition from past epochs to the era of
Leonardo da Vinci up to the present day. However, systematic
research of biological systems for a technical application began
astonishingly quite late: Bionics and biomimetics became
important only after 1960, and it was only in the new millen-

nium they became worldwide disciplines with high potentials
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for innovation. An apparently simple observation can lead to
new materials, structures and design principles, but the tech-
nical transformation and realization may take a much longer
time. Our own example of the self cleansing abilities of lotus
leaves clearly demonstrates this point: Published for the first
time in 1976, patented as a technical feasibility in 1994, facade
paints only appeared on the market in 1999.

Bionics concentrated in the first decades, in particular, on
highly complex biomechanic problems: the hovering of
humming birds and robot locomotion. Today a focal point is the
incredibly specific diversity of biological materials, materials
with micro and nano structures, often self-assembling. Another
change of paradigm was caused by lotus leaves: surfaces and
boundary layers. All interactions between an organism and its
environment take place via its surface — be it the interaction
between a solid (biological species), a liquid (e.g., water), a gas
(e.g., air) and radiation (e.g., sunlight). Boundary layers and, in
particular, superhydrophobic surfaces and their interactions
with the environment were thus the focus of this Thematic

Series on Biomimetic materials.
The most interesting phenomena happen on boundary layers:

from the biosphere at the boundary layer of our planet down to

the surfaces of lotus leaves or Salvinia water ferns. And these
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are only two out of the 20 million species which all have secrets
to be revealed: Biomimetic materials provide innovative solu-
tions for the design of a new generation of bio inspired func-

tional materials.
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Abstract

The emerging field of biomimetics allows one to mimic biology or nature to develop nanomaterials, nanodevices, and processes
which provide desirable properties. Hierarchical structures with dimensions of features ranging from the macroscale to the
nanoscale are extremely common in nature and possess properties of interest. There are a large number of objects including
bacteria, plants, land and aquatic animals, and seashells with properties of commercial interest. Certain plant leaves, such as lotus
(Nelumbo nucifera) leaves, are known to be superhydrophobic and self-cleaning due to the hierarchical surface roughness and
presence of a wax layer. In addition to a self-cleaning effect, these surfaces with a high contact angle and low contact angle
hysteresis also exhibit low adhesion and drag reduction for fluid flow. An aquatic animal, such as a shark, is another model from
nature for the reduction of drag in fluid flow. The artificial surfaces inspired from the shark skin and lotus leaf have been created,
and in this article the influence of structure on drag reduction efficiency is reviewed. Biomimetic-inspired oleophobic surfaces can
be used to prevent contamination of the underwater parts of ships by biological and organic contaminants, including oil. The article
also reviews the wetting behavior of oil droplets on various superoleophobic surfaces created in the lab.

Introduction

Biologically inspired design, adaptation, or derivation from
nature is referred to as ‘biomimetics.” It means mimicking
biology or nature. Nature has gone through evolution over the
3.8 billion years since life is estimated to have appeared on the
Earth [1]. Nature has evolved objects with high performance
using commonly found materials. These function on the

macroscale to the nanoscale. The understanding of the func-
tions provided by objects and processes found in nature can
guide us to imitate and produce nanomaterials, nanodevices,
and processes [2]. There are a large number of objects (bacteria,
plants, land and aquatic animals, seashells etc.) with properties

of commercial interest.
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Natural superhydrophobic, self-cleaning, low
adhesion, and drag reduction surfaces

Drag reduction in fluid flow is of interest in various commer-
cial applications. These include transportation vehicles and
micro/nanofluidics based biosensor applications [3]. To reduce
pressure drop and volume loss in micro/nanochannels used in
micro/nanofluidics, it is desirable to minimize the drag force at
the solid—liquid interface. A model surface for superhydropho-
bicity, self-cleaning and low adhesion is the leaves of water-
repellent plants such as Nelumbo nucifera (lotus) [2,4-11]. The
leaf surface is very rough due to so-called papillose epidermal
cells, which form papillae or microasperities. In addition to the
microscale roughness, the surface of the papillae is also rough,
with nanoscale asperities composed of three-dimensional
epicuticular waxes which are long chain hydrocarbons and
hydrophobic. The waxes on lotus leaves exist as tubules
[10,11]. Water droplets on these hierarchical structured surfaces
readily sit on the apex of the nanostructures because air bubbles
fill the valleys of the structure under the droplet (Figure 1a).
Therefore, these leaves exhibit considerable superhydropho-
bicity. Static contact angle and contact angle hysteresis of a
lotus leaf are about 164° and 3°, respectively [12,13]. The water
droplets on the leaves remove any contaminant particles from
their surfaces when they roll off, leading to self-cleaning [5]
and show low adhesive force [14-16].

n

(a)

Figure 1: Two examples from nature: (a) Lotus effect [12], and (b)
scale structure of shark reducing drag [21].

Natural superoleophobic, self-cleaning, and

drag reduction surfaces

A model surface for superoleophobicity and self-cleaning is
provided by fish which are known to be well protected from
contamination by oil pollution although they are wetted by
water [15,17]. Fish scales have a hierarchical structure
consisting of sector-like scales with diameters of 4-5 mm

covered by papillae 100-300 um in length and 30-40 pm in
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width [18]. Shark skin, which is a model from nature for a low
drag surface, is covered by very small individual tooth-like
scales called dermal denticles (little skin teeth), ribbed with
longitudinal grooves (aligned parallel to the local flow direc-
tion of the water) (Figure 1b). These grooved scales reduce
vortice formation present on a smooth surface, resulting in
water moving efficiently over their surface [2,19-22]. The water
surrounding these complex structures can lead to protection
from marine fouling and play a role in defense against adhesion
and growth of marine organisms, e.g., bacteria and algae
[11,23]. If oil is present on the surfaces in air or water, surfaces
are known to be oleophobic and may exhibit self-cleaning and
anti-fouling properties. Many sea animals including fish and
shark are known to be oleophobic under water. Superoleo-
phobic surfaces can also reduce significant losses of residual
fuel in fuel tanks and pipes [15,24].

Roughness-induced superhydrophobicity,
self-cleaning, low adhesion, and drag reduc-
tion

Jung and Bhushan [21] created artificial surfaces inspired by the
lotus leaf and shark skin and studied the influence of structure
on pressure drop and fluid drag. One of the basic properties of
interest in fluid flow is slip. The relative velocity between a
solid wall and liquid is believed to be zero at the solid—liquid
interface, which is the so called no-slip boundary condition
(Figure 2, left) [25,26]. However, for hydrophobic surfaces,
fluid film exhibits a phenomenon known as slip, which means
that the fluid velocity near the solid surface is not equal to the
velocity of the solid surface (Figure 2, right) [27-33]. The
degree of boundary slip at the solid-liquid interface is charac-
terized by a slip length. The slip length b is defined as the
length of the vertical intercept along the axis orthogonal to the
interface when a tangent line is drawn along the velocity profile

b =
Solid surface —._ Solid surface
=~ | —
\’ N > Ay
\\ ‘\
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\ \
.V Flowdieon |——» V
> >
‘—: - 7'
Solid surface b ——"" Solid surface
L,

Velocity profile without slip Velocity profile with slip

Figure 2: Schematic of velocity profiles of fluid flow without and with
boundary slip. The definition of slip length b characterizes the degree
of boundary slip at the solid-liquid interface. The arrows represent
directions of fluid flow.
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at the interface (Figure 2, right). Recent experiments with
surface force apparatus (SFA) [34-36], atomic force microscopy
(AFM) [32,33,37], and particle image velocimetry (PIV) [38]
techniques have reported slip lengths on hydrophobic surfaces:
No slip was observed on hydrophilic surfaces [34,36-40]. Theo-
retical studies [41-44] and experimental studies [33,45-47]
suggest that the presence of nanobubbles at the solid-liquid
interface is responsible for boundary slip on hydrophobic

surfaces.

Roughness-induced superoleophobicity

The surface tension of oil and organic liquids is lower than that
of water, so to create a superoleophobic surface, the surface
energy of the solid surface in air should be lower than that of
oil. For underwater applications, if an oil droplet is placed on a
solid surface in water, the solid—water—oil interface exists. The
nature of oleophobicity/philicity of an oil droplet in water can
be determined from the values of surface energies of various
interfaces and contact angles of water and oil in air.

Many superoleophobic surfaces have been developed by modi-
fying the surface chemistry with a coating of extreme low
surface energy materials [20,48-54]. Tuteja et al. [54] showed
that surface curvature, in conjunction with chemical composi-
tion and roughened texture, can be used for liquids with low
surface tension, including alkanes such as decane and octane.
Liu et al. [18] performed experiments in a solid-water-oil inter-
face. They found that hydrophilic and oleophilic surfaces
(solid—air—water interface and solid—air—oil interface) can
switch to an oleophobic surface in water (solid—water—oil inter-
face). As a result, oil contaminants are washed away when
immersed in water. This effect can be employed for underwater
oleophobicity and self-cleaning that can be used against marine
ship fouling [17]. Jung and Bhushan [20] proposed a model for
predicting the oleophobic/philic nature of surfaces and showed
how the water and oil droplets in three phase interfaces influ-
ence the wetting behavior on micropatterned surfaces with
varying pitch values as well as the shark skin replica as an

example from an aquatic animal.

Article objective
This article reviews drag data on artificial surfaces inspired
from shark skin and lotus leaf. Oleophobic and self-cleaning

surfaces inspired from aquatic animals are then discussed.

Fabrication and Characterization of
Biomimetic Structures
for Fluid Drag Reduction

In this section, we discuss drag reduction efficiency on

biomimetic structured surfaces in channels.

Beilstein J. Nanotechnol. 2011, 2, 66-84.

Experimental techniques

For the measurement of pressure drop using water and air
flows, an experimental flow channel with a rectangular channel
was designed and fabricated as shown in Figure 3 [21]. The
fabricated surfaces were used for the upper and lower walls of
the flow channel. Two pieces of plastic were glued between the
upper and lower samples and at each end to prevent flow leak.
For the measurement of pressure drop, the upper sample had
two opening holes connected with a differential manometer
(Model A 1000-13, Differential Pressure Plus Inc., USA). The
thickness, width, and length of the resulting channel are desig-
nated as H, W, and L, respectively.

Differential manometer

Sample | "[_H»
Syringe pump Flowmion Plastic :75
Sample /W
Plastic tube L

Figure 3: Schematic of the experimental flow channel connected with
a differential manometer. The thickness, width, and length of the
channel are H, W, and L, respectively.

The inlet and outlet ports were machined and connected with
plastic tubes. To introduce water into the channel in laminar
flow, a syringe pump (Model NE-300, New Era Pump Systems
Inc., USA) was used at a range of flow rates between 50 pL/s
and 400 pL/s (a range of flow velocity between 0.03 m/s and
0.23 m/s). The Reynolds number of the flow applied by the
syringe pump was less than 300, which is the laminar flow. To
create a turbulent flow, a larger flow rate is needed that cannot
be accomplished with the syringe pump. To accomplish high
fluid flow, a separate plastic chamber filled with a measured
amount of water was used to allow flow through the channel
under the force of gravity. By measuring the amount of water
and time for the water to flow from a starting fluid level to an
end fluid level, the Reynolds number was calculated as 4200
(flow velocity of 3.8 m/s), which indicates that the flow is
turbulent using this setup. In order to make air flow a labora-
tory air outlet was connected to the channel. A flowmeter
(Model FL-1478-G, Omega Engineering, Inc., USA) was used
to measure the air flow rate between laboratory air outlet and
channel. For the experimental measurements of air flow, the
calculated range of Reynolds number was between 200 and
4600, which indicates both laminar and turbulent flows [21].

Model for calculation of pressure drop and
slip length

The pressure drop Ap of an incompressible fluid flow between
two points along the channel of thickness H, width W, and
length L for a hydrophilic flat surface can be calculated by [55]
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2
Ap:pV fL

where p is the fluid density, V is the flow velocity obtained
from flow rate Q divided by cross section area of the channel,
and f'is the friction factor which specifies the loss in pressure
required to impel a flow over the surface or through the
channel. The friction factor is generally a function of Reynolds
number, surface roughness, and the geometry of the surface. Dy
is the hydraulic diameter which is proportional to four times the
flow area divided by the perimeter of the surface containing the
flow. For the rectangular channel, the hydraulic diameter is

_2wH
W+H

Dy 2

The friction factor for laminar flow is inversely proportional to
the Reynolds number Re as [55]

f =—(for laminar flow) 3)
e
V D
Re=PT M @)
n

where 1 is the dynamic fluid viscosity. The Reynolds number
can be used to determine whether the fluid flow will be within
the laminar, turbulent, or transitional flow regimes. Since the
Reynolds number is proportional to flow velocity, the pressure
drop in laminar flow increases with flow velocity. £ is the fric-
tion coefficient which can be found by the solution of Poisson’s

equation over the cross section as [55]

i = 64
2 UH ®
3 23w w

From Equation 5, the friction coefficient is dependent only on
the shapes of the cross section and independent of the surface
roughness.

To improve the calculation of the friction factor for turbulent
flow in a rectangular channel, Jones [56] developed an impro-
ved equivalent diameter, D, = 64Dy/k, thus the friction factor
for turbulent flow can be modified as

f= ;—4 (for turbulent flow) (6)
e
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Next, we present an analysis to calculate slip length in laminar
flow. Using the Navier slip boundary condition, the slip length
b of the two infinite parallel and smooth plates can be expressed
as [45,55]

MmOL H

b= -
3 ™)

 ApWH?

For a rectangular channel, the slip length would have the
following general form [45]

enQL  H
i ®)
ApWH* 3

where ¢ is a constant which must be obtained empirically. In
order to obtain the constant, pressure drop measurements on a
hydrophilic channel must be made. Equation 8§ is then fitted
under the assumption of zero slip length with the measured
pressure drop data to obtain ¢ and was equal to 5 for the channel
(H=0.7 mm, W=2.5 mm, L =60 mm) used in this study. This
equation was now used to calculate the slip length for
hydrophobic surfaces [21].

Fabrication and characterization of

biomimetic structures

A shark (Squalus acanthias, L. Squalidae) was used for creating
a shark skin replica [21]. A shark is an aquatic animal, and its
skin is permanently exposed to contamination from marine
organisms, e.g., bacteria and algae. The shark was conserved in
FAA (formaldehyde/acetic acid/ethanol) solution. The detailed
structure varies from one location to another for the shark. The
scales are present over most of the shark’s body. To create a
replica, the right front of shark body was selected. Before repli-
cating the conserved shark skin, the selected area was first
cleaned with acetone and then washed with deionized water.
This process was repeated twice. The cleaned skin was placed
in air for 1 hour for drying. For the negative replica, a
polyvinylsiloxane dental wax was applied via a dispenser on the
upper side of the shark skin and immediately pressed down with
a glass plate. After complete hardening of the molding mass (at
room temperature 3—5 minutes), the master surface and the
mold (negative) were separated. The first negative replica was
made only to remove any remaining contaminations from the
shark surface by embedding the dirt into the replica material. A
second and third replica of the same area was made to obtain
negatives without contamination. For the positive replica, a

liquid epoxy resin was used in the molding process.
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To simulate a shark skin structure, a rib-patterned surface was
created using a FlashCut CNC milling machine [21]. Bechert et
al. [57] and Dean and Bhushan [22] have reported that optimal
groove depth for the rib surface should be about half of the
lateral rib spacing for low drag. In the rib pattern design
selected here, multiple stacks of ribs oriented along an axis
were fabricated. For the fabrication, first a model of a rib-
patterned surface was designed in SolidWorks, and then the
code for the rib’s height, width, spacing and lengths, and
channel dimensions was written with FeatureCAM in order to
fabricate structures using the CNC milling machine. An acrylic
resin was clamped onto the table of the CNC mill, and a fly
cutter was used to make the top of the surface flat. The code
was opened with FlashCut CNC and then the rib patterns were
milled using an endmill with 130 pm bit.

Figure 4a shows the scanning electron microscope (SEM)
micrographs of the shark skin (Squalus acanthias) replica taken
at a top view, a 45° tilt angle side view, and a 45° tilt angle top
view. The shark skin replica shows that scales are lifted up at
the end, and there are only three ribs on each scale. It is clearly
visible that the V-shaped riblets’ height varies between 200 and
500 pm, and their space varies between 100 and 300 pm. The
ribs are oriented nearly parallel to swimming direction of the
shark. Figure 4b shows the optical microscope images of the
rib-patterned surface fabricated as a model of artificial shark
skin surfaces. The height, width, and length of the created ribs
were 90, 38, and 850 pm, respectively. The spacing between the
ribs was 180 um.

To investigate drag reduction efficiency on the surfaces with
superhydrophobicity, self-cleaning, and low adhesion described
earlier, Jung and Bhushan [21] used nano-, micro-, and hierar-
chical structures [12,13]. Microstructures were fabricated using
a two step molding process (soft lithography). A microstruc-
tured Si surface with pillars of 14 pm diameter and 30 um
height with 23 um pitch fabricated by photolithography was
used as a master template. A negative replica of the template
was generated by applying a polyvinylsiloxane dental wax
(President Light Body® Gel, ISO 4823, Polyvinylsiloxan
(PLB), Coltene Whaledent, Hamburg, Germany), via a
dispenser on the surface and immediately pressing down with a
glass plate. After complete hardening of the molding mass
(3—5 minutes at room temperature), the silicon master surface
and the mold (negative) were separated. After a relaxation time
of 30 minutes for the molding material, the negative replicas
were filled with a liquid epoxy resin (Epoxydharz L®, No.
236349, Conrad Electronics, Hirschau, Germany) with hard-
ener (Harter S, Nr 236365, Conrad Electronics, Hirschau,
Germany). Specimens with microstructures were immediately
transferred into a vacuum chamber at 750 mTorr (100 Pa) pres-

Beilstein J. Nanotechnol. 2011, 2, 66-84.

Shark skin (Squalus acanthias) replica

Top view 45° tilt angle side view

45° tilt angle top view
Swimming direction
-

200 pm

(b)

Figure 4: (a) SEM micrographs taken at top view, 45° tilt angle side
view and 45° tilt angle top view, show shark skin (Squalus acanthias)
replica. The shark skin replica shows only three ribs on each scale. (b)
optical microscope images (shown at two magnifications) show the rib-
patterned surface fabricated as a model of artificial shark skin surfaces
[21].

sure for 10 seconds to remove trapped air and to increase the
resin infiltration through the structures. After hardening at room
temperature (24 h at 22 °C), the positive replica was separated
from the negative replica. To generate several replicas the
second step of replication was repeated twenty times for each
surface type.

Nanostructures were created by self-assembly of plant wax
deposited by thermal evaporation [12,13]. Tubule forming wax,
which was isolated from a leaf of Nelumbo nucifera, in the
following referred to as Lotus, was used to create tubule struc-
tures. Lotus wax with 0.8 pg/mm? was deposited on the speci-
men surfaces by thermal evaporation. The specimens with
Lotus wax were exposed to ethanol vapor for three days at
50 °C, and then left in the oven at 50 °C for seven days in total.
Hierarchical structures were fabricated by creating of nano-
structures on top of microstructured surfaces, as described

above. Flat epoxy resin and microstructure were covered with
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flat Lotus wax. Flat thin wax layer was made by melting the
deposited wax (3 min at 120 °C) and subsequent rapid cooling
of the specimen to 5 °C. Then the specimens were stored for
seven days at 21 °C in a desiccator. The fast cooling of the wax
prevents the formation of nanostructure roughness. Figure 5
shows the SEM micrographs of nanostructure on flat replica,
microstructures, and hierarchical structure. SEM micrographs

Beilstein J. Nanotechnol. 2011, 2, 66-84.

show an overview (left column), a detail in higher magnifica-
tion (middle column), and a large magnification of the created
flat wax layers and tubules nanostructures (right column).

Table 1 summarizes the static contact angle and contact angle
hysteresis measured on shark skin replica, rib-patterned surface,
and the structured surfaces with Lotus wax. The shark skin

Lotus wax (0.8 ig/mm?) after seven days with ethanol vapor (50 °C)

D

Microst

Nanostructure
3 N VR

Hierarchical structure

ructure

RSy TVATR!

Figure 5: SEM micrographs taken at 45° tilt angle (shown using three magnifications) of nanostructure on flat replica, microstructures, and hierar-
chical structure. Nano and hierarchical structures coated with 0.8 pg/mm? of Lotus wax after storage for seven days at 50 °C with ethanol vapor. Flat

epoxy resin and microstructure were covered with flat Lotus wax [21].

Table 1: Summary of the static contact angles and contact angle hysteresis measured on the various surfaces. Nanostructures and hierarchical struc-
tures were fabricated with 0.8 ug/mm? of Lotus wax after storage at 50 °C with ethanol vapor. Flat epoxy resin and microstructure were covered with

flat Lotus wax. The variations represent one standard deviation [21].

Static contact angle (°)

Contact angle hysteresis (°)

(a) Epoxy resin

Flat epoxy resin 76+£0.9 67 +2.9 (1512, 84Y)
Flat with thin wax layer 11924 56 + 3.2 (1482, 92b)
Nanostructure 167 £ 0.7 6+ 1.1(1702, 164P)
Microstructure 160+ 1.8 27 £2.1 (1692, 142°)
Hierarchical structure 173+0.8 1+ 0.6 (1742, 173b)
Shark skin replica 89+1.7 66 + 3.4 (1552, 89b)
(b) Acrylic resin

Flat acrylic resin 82+1.8 71+ 2.6 (1222, 51b)
Rib-patterned surface 146 £1.2 43 1.2 (1582, 115P)

aadvancing contact angle; Preceding contact angle.
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replica had a static contact angle of 89° and a contact angle
hysteresis of 66° for a water droplet. For acrylic resin material,
a static contact angle of 82° was found for flat acrylic resin.
Introduction of the rib patterns on the flat surface led to a much
higher static contact angle of 146° and lower contact angle
hysteresis of 43°. A static contact angle of 76° was found for
flat epoxy resin. The microstructure (covered with a Lotus wax
film) has a static contact angle of 160° but shows a much higher
contact angle hysteresis of 27° than found in the hierarchical
structure. Superhydrophobicity with a static contact angle of
167° and a contact angle hysteresis of 6° was also found in the
nanostructured surface. Melting of the wax led to a flat surface
with a flat wax film and a much lower static contact angle of
119° and higher contact angle hysteresis of 56°. The data of a
flat Lotus wax film on a flat replica show that the Lotus wax by
itself is hydrophobic. For the hierarchical structure, the highest
static contact angles of 173° and lowest contact angle hysteresis
of 1° were found. The recrystallized wax tubules are very
similar to those of the original lotus leaf, but are 0.5 to 1 pm

Beilstein J. Nanotechnol. 2011, 2, 66-84.

longer, and the static contact angle is higher, and the contact
angle hysteresis is lower than reported for the original lotus leaf
(static contact angle of 164° and contact angle hysteresis of 3°).

Pressure drop in the channel using water flow and calcu-
lated slip length. To observe the fluid drag reduction in the
channel using water flow, experiments on flat epoxy resin, flat
with thin wax layer, nanostructure, microstructure, hierarchical
structure, and shark skin replica were performed [21]. In
Figure 3, the rectangular channels with these surfaces had thick-
ness H = 0.7 mm, width W = 2.5 mm, and length L = 60 mm.
For calculation of the pressure drop using Equation 1, the mass
density p and viscosity n for water were taken to be 1000 kg/m3
and 0.001 Pa-s, respectively [58]. Figure 6 shows the pressure
drop as a function of flow rate in the channel with various
surfaces using water flow. The measured data are compared
with the predicted pressure drop values for a hydrophilic
surface obtained using Equation 1 for laminar and turbulent
flows (solid lines). The figure in the bottom is magnified in
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Figure 6: Pressure drop as a function of flow rate in the channel with various surfaces using water flow. The figure in the bottom is magnified in flow
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flow rate between 0 and 500 pL/s. In both laminar and turbu-
lent flows, the pressure drop increased linearly with flow rate
for all samples. It was found that the pressure drop for the flat
epoxy resin was similar to the value predicted by Equation 1,
while structured surfaces had values lower than the predicted.
As mentioned earlier and shown in Table 1, the introduction of
roughness increases the hydrophobicity of the surfaces respon-
sible for reduction in drag or pressure drop. The hierarchical
structure with highest contact angle and lowest static contact
angle hysteresis provided the lowest pressure drop. It is
believed that air pockets inside the grooves underneath the fluid
reduce the contact area between fluid and surface, resulting in
lower pressure drop. These results indicate that superhydropho-
bicity can lead to drag reduction in fluid flow [21].

As shown in Figure 6, for shark skin replica, it was found that
the pressure drop in laminar flow was higher than those of the
nanostructure and hierarchical structure and the reduction of
pressure drop was about 12% as compared to the theoretical
pressure drop. However, in turbulent flow, the reduction of
pressure drop was similar to those of nanostructure and hierar-
chical structure. Bechert et al. [19] showed that a turbulent
boundary layer on the shark skin surface with ribs can help to
reduce turbulent shear stress (also see Dean and Bhushan [22]).
The results of experimental measurements on shark skin replica
showed that a reduction of pressure drop was obtained up to
30% in turbulent flow. It can be concluded that the surfaces
with ribs are more beneficial in providing drag reduction in
turbulent flow than in laminar flow.

Based on the pressure drop data, the slip length on the surfaces
with different wettabilities was calculated using Equation 8. For
calculations, it was assumed that there is a no-slip boundary
condition on flat epoxy resin as verified from the experiments
[40]. Figure 7 shows the bar chart showing the slip length in the
channel with various surfaces using water flow in laminar flow
(0 < Re < 300). The average values of slip length on the
surfaces were calculated over all the experimental flow rates. A
slip length of 24 um was found for the flat surface with thin
wax layer. The microstructure (covered with a flat Lotus wax
film) and shark skin replica had slip lengths of 56 and 35 pm,
but the nanostructure and hierarchical structures show much
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higher slip lengths of 91 and 103 pm, respectively, which
implies the boundary slip increases with increasing hydropho-

bicity of solid surfaces.

Slip length in the channel with various surfaces using water flow
in laminar flow (0 < Re < 300)
120

100 _I_

+

N
o

Slip length (um)
[}
o

Figure 7: Bar chart showing the slip length in the channel with various
surfaces using water flow in laminar flow (0 < Re < 300). The slip
length was calculated using Equation 8 and the pressure drop
measured on various surfaces. The error bars represent one standard
deviation [21].

Slip length measurements have also been made on the
nanoscale on hydrophilic and hydrophobic surfaces with
various degrees of hydrophobicity using a dynamic AFM
method [16,33]. Data on one hydrophilic, one hydrophobic, and
one superhydrophobic surface are presented in Table 2. Mica
was taken as the hydrophilic surface. Hydrophobic and superhy-
drophobic surfaces were fabricated by deposition of evaporated
plant wax on smooth epoxy substrates following the procedure
described earlier in this section. Hydrophilic surface was
produced without any recrystallization (rather flat surface)
whereas to produce a superhydrophobic surface, the wax was
recrystallized to produce a tubular nanostructure [13]. The data
presented in Table 2 shows increasing boundary slip from the
hydrophobic surface to the superhydrophobic one. We note that
slip length on the nanoscale is much lower than that on the
macroscale reported in Figure 7. Zhu and Granick [59] have
reported that the slip length increases from nanometer range to

micrometer range as the flow rate increases.

Table 2: RMS roughness (AFM, scan size =5 pm x 5 pym), static contact angle and slip length measured using tapping mode of three different

surfaces [16,33].

Surfaces RMS roughness (nm) Static contact angle (°) Slip length with tapping AFM (nm)
hydrophilic 0.20 ~0 ~0

hydrophobic 11.0 91+2.0 43+10

superhydrophobic 178 167 £ 0.7 236+ 18
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The fluid drag measurements were also made on flat acrylic
resin and rib-patterned surfaces fabricated as a model of artifi-
cial shark skin [21]. In Figure 3, the rectangular channels with
these surfaces had thickness # = 1 mm, width W =2 mm, and
length L = 100 mm. Figure 8 shows the pressure drop as a func-
tion of flow rate in the channel using water flow. The measured
data are compared with predicted pressure drop values for a
hydrophilic surface obtained using Equation 1 for laminar and
turbulent flows (solid lines). The figure at the bottom is magni-
fied for flow rate between 0 and 500 pL/s. In laminar flow, it
was found that the pressure drop increased linearly with flow
rate and was similar to the value predicted by Equation 1.
However, in turbulent flow, the reduction in pressure drop was
up to 23% as compared to the theoretical pressure drop. This

result shows a similar trend to that of the shark skin replica.

Pressure drop in the channel using air flow. To investigate
the effect of air flow in the channel and compare them to water
drag reduction, experiments with air flow on various surfaces
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were performed [21]. In Figure 3, the rectangular channels had
thickness H = 0.7 mm, width W = 2.5 mm, and length
L = 60 mm. For calculation of pressure drop using Equation 1,
the mass density p and viscosity n for air were taken to be
1.204 kg/m> and 1.837x107° Pa-s, respectively [58]. Figure 9
shows the pressure drop as a function of flow rate in the channel
with various surfaces using air flow. The measured data are
compared with predicted pressure drop values for a hydrophilic
surface obtained using Equation 1 for laminar and turbulent
flows (solid lines). The figure at the bottom is magnified for
flow rate between 0 and 50 mL/s. The pressure drop of the
structured surfaces is higher than that of the hydrophilic surface
in the turbulent flow which is opposite to that in liquid flow. In
both laminar and turbulent flows, the pressure drop increased
linearly with flow rate for all samples. As mentioned earlier, in
the case of water flow, air pockets between the structures
reduce the contact area between liquid and surface, resulting in
reduction of the flow drag. The data shows that the structures
are not beneficial for drag reduction in air flow. The introduc-
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Pressure drop in the channel with various surfaces using air flow
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Figure 9: Pressure drop as a function of flow rate in the channel with various surfaces using air flow. The figure at the bottom is magnified for flow
rate between 0 and 50 mL/s. Data are compared with predicted pressure drop values for a hydrophilic surface obtained using Equation 1 for laminar

and turbulent flows (solid lines) [21].

tion of roughness on the surfaces increases the pressure drop in
the channel in the turbulent flow. It is generally known that
surfaces with a streamlined body can produce dramatic reduc-
tions of the fluid pressure drag with only a slight increase in
shear stress in air flow [60]. It is also known that as the
Reynolds number increases, the pressure drop becomes very
large, resulting in larger pressure drag. The roughness of struc-
tures on surfaces may cause air to move around them, resulting

in the formation of vortices and large fluid drag.

To observe the fluid drag reduction in the channel using air
flow, experiments on flat acrylic resin and fabricated rib-
patterned surface were also performed [21]. The rectangular
channels with these surfaces had thickness H = 1 mm, width
W =2 mm, and length L = 100 mm. Figure 10 shows the pres-
sure drop as a function of flow rate in the channel with flat
acrylic resin and rib-patterned surface using air flow. The
measured data are compared with predicted pressure drop

values for a hydrophilic surface obtained using Equation 1 for

laminar and turbulent flows (solid lines). The experimental
results show a similar trend to the data as shown in Figure 9. It
was found that the pressure drop of the rib-patterned surface
slightly increased due to the vortices formed at the end of the
ribs in turbulent flow as compared to the theoretical pressure
drop.

Modeling, Fabrication and Characteriza-
tion of Oleophobic/philic Surfaces

Oleophobic surfaces have the potential for self-cleaning and
anti-fouling from biological and organic contaminants both in
air and underwater applications. In this section, we discuss a
model for predicting the oleophobic/philic nature and experi-

mental measurements of the wetting properties of the surfaces.

Modeling of contact angle for various inter-
faces

If a water droplet is placed on a solid surface in air, the solid—air

and water—air interfaces come together with a static contact
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Figure 10: Pressure drop as a function of flow rate in the channel with flat acrylic resin and rib-patterned surface using air flow. Data are compared
with predicted pressure drop values for a hydrophilic surface obtained using Equation 1 for laminar and turbulent flows (solid lines) [21].

angle, Oy. The value of Oy can be determined from the condi-
tion of the total energy of the system being minimized [61-63]
and is given by Young’s equation for the contact angle Oy

_YsA ~¥sw
Twa

coso W (9)

where ysw, Ysa, and ywa are the surface tensions of the
solid—water, solid—air, and water—air interfaces, respectively. If
an oil droplet is placed on a solid surface in air, the Young’s
equation for the contact angle, 0, can be expressed by

_JYsA ~¥so
YoA

cosO 0 (10)

where yg0, Ysa, and ypoa are surface tensions of the solid—oil,
solid—air, and oil-air interfaces, respectively. As predicted by
Equation 10, if ygg is higher than yga, an oleophobic surface
can be achieved.

To create an oleophobic surface in water, let us consider the
solid—water—oil interface. If an oil droplet is placed on a solid
surface in water, the contact angle of an oil droplet in water,
Oow, 1s given by Young’s equation

_Ysw ~¥so
Yow

cosO oy

(11)

where yso, Ysw, and yow are surface tensions of the solid—oil,
solid—water, and oil-water interfaces, respectively. Combining
Equation 9, Equation 10 and Equation 11, the equation for the
contact angle, 6w, of an oil droplet in water is given as

_ Yoa €088 —ywa cosOy
Yow

cos gy (12)

Based on Jung and Bhushan [20], as predicted by Equation 12,
for a hydrophilic surface (ysa > ysw), an oleophobic surface in
the solid—water—oil interface can be created if yga-cos Og is
lower than ywa-cos Oyw. Since the surface tension of oil and
organic liquids is much lower than that of water, most
hydrophilic surfaces can be made oleophobic in a
solid—water—oil interface. For a hydrophobic surface (yga <
Ysw) and an oleophobic surface in a solid—air—oil interface (yga
<1vs0), an oleophobic surface in a solid-water—oil interface can
be created if yga-cos O¢ is higher than ywa-cos Oy and vice
versa. For a hydrophobic and an oleophilic surface in
solid—air—oil interface, an oleophobic surface in solid—water—oil
interface cannot be created. Schematics are shown in Figure 11,
and the summary of philic/phobic nature in various interfaces is
shown in Table 3. For an oleophobic surface, oil contaminants
are washed away when immersed in water. This effect leads to
self-cleaning that can be used against ship fouling.

Experimental techniques

For the measurement of the static contact angle, deionized water
was used for the water droplet and hexadecane was used for oil
droplets [20]. The surface tensions of the water—air interface
(Ywa), oil—air interface (ypa), and oil-water interface (yow) are
73 [58], 27.5 [58], and 51.4 [64] mN/m, respectively. The mass
densities are 1000 and 773 kg/m? for water and hexadecane,
respectively. Water and oil droplets of about 5 pL in volume
(with radius of a spherical droplet about 1 mm) in an air envi-
ronment were gently deposited on the specimen using a
microsyringe. The process of wetting behavior of an oil droplet

in water was obtained in a solid—water—oil interface system as
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Figure 11: Schematics of a droplet of liquid showing philic/phobic nature in three different phase interface on the surface — 8y, 8o, and 8oy are the
static contact angles of a water droplet, an oil droplet, and an oil droplet in water, respectively [20].

Table 3: Summary of philic/phobic nature in various interfaces [20].

solid—air-water interface solid—water—oil interface

hydrophilic oleophobic if y,, cos 0, <y,,, cos O,
(Ysp ™ Ysw) oleophilic if y,, cos 0> vy, cos 0,
solid-air-water interface solid—air—oil interface solid-air-water interface

hydrophobic oleophobic if yg, <7, oleophobic if y,,, cos 6> vy, cos by,
(YSA < VSW) - oleophilic if Yoa €08 90 > Yya COS eW

oleophilic if yg, >vs, ———————> oleophilic

7



shown in Figure 12 [20]. A specimen was first immersed in
water phase. Then an oil droplet was gently deposited using a
microsyringe from the bottom of the system because the density
of oil (hexadecane) is lower than that of water. The image of the
droplet was obtained by a digital camcorder (Sony, DCRSR100,
Tokyo, Japan) with a 10x optical and 120x digital zoom.
Images obtained were analyzed for the contact angle using
Imagetool® software (University of Texas Health Science
Center). The measurements were reproducible to within + 2°.

Solid-water-oil interface system

()

Qil droplet

Water

Microsyringe

Figure 12: Schematics of a solid-water—oil interface system. A speci-
men is first immersed in water phase, then an oil droplet is gently
deposited using a microsyringe, and the static contact angle in the
system measured [20].

Fabrication and characterization of

oleophobic surfaces

As presented earlier, a two-step molding process was used to
replicate microstructures with varying pitch values. As a master
template for flat and micropatterned surfaces, a flat Si surface
and micropatterned Si surfaces with pillars of 14 pm diameter
and 30 pm height with different pitch values (21, 23, 26, 35, 70,
105, 126, 168 and 210 um), fabricated by photolithography,
were used [20].

To study surfaces with some oleophobicity, a surface coating
which has a lower surface tension than that of oil is required.
For this purpose, Jung and Bhushan [20] deposited n-perfluo-
roeicosane (CpoF4y) (268828, Sigma-Aldrich, USA) on the
specimen surfaces by thermal evaporation. The surface energy
of n-perfluoroeicosane is 6.7 mJ/m?2 (6.7 mN/m) [65]. The
specimens were mounted on a specimen holder with double-
sided tape and placed in a vacuum chamber at 30 mTorr (4 kPa
pressure), 2 cm above a heating plate loaded with 6000 pg
n-perfluoroeicosane [16]. The n-perfluoroeicosane was evapora-
ted by heating it to 170 °C. In a vacuum chamber the evapora-
tion from the point source to the substrate occurs in straight
line; thus, the amount of sublimated material is equal in a hemi-
spherical region over the point of source [66]. In order to esti-
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mate the amount of sublimated mass, the surface area of the half
sphere was calculated by using the formula 2772, whereby the
radius 7 represents the distance between the specimen to be
covered and the heating plate with the substance to be evapora-
ted. The calculated amount of n-perfluoroeicosane deposited on
the surfaces was 2.4 pg/mm? (amount of n-perfluoroeicosane
loaded on a heating plate divided by surface area).

Hierarchical structures were fabricated using a two step fabrica-
tion process, including the production of microstructured
surfaces by soft lithography and the subsequent development of
nanostructures on top by self assembly of n-hexatriacontane
with the amounts of 0.2 pg/mm?2 deposited by thermal evapora-
tion, as described previously [16,67]. Jung and Bhushan [20]
also used a shark skin replica described previously.

Figure 13a shows the SEM micrographs taken at a 45° tilt
angle, showing two magnifications of the micropatterned
surface. Figure 13b shows the hierarchical structures and nano-
structures covered with n-hexatriacontane platelets. The nano-

Micropatterned surfaces
14-um diameter, 30- um height, 23-um pitch pillars
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Figure 13: SEM micrographs taken at a 45° tilt angle showing two
magnifications of (a) the micropatterned surface, (b) hierarchical struc-
ture and nanostructure with three-dimensional platelets on the surface
fabricated with 0.2 ug/mm?2 mass of n-hexatriacontane, and (c) shark
skin (Squalus acanthias) replica. [20].
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structure is formed by three-dimensional platelets of n-hexatria-
contane. Platelets are flat crystals, grown perpendicular to the
substrate surface. The platelet thickness varied between 50 and
100 nm, and their length varied between 500 and 1000 nm.
Figure 13c, the shark skin replica, shows only three ribs on each
scale. It is clearly visible that the V-shaped riblets’ height varies
between 200 and 500 pm, and their space varies between 100
and 300 pm [20].

Wetting behavior on flat and micropatterned surfaces. To
observe the wetting behavior of water and oil droplets for
philic/phobic nature in three phase interfaces, Jung and
Bhushan [20] performed experiments with droplets on both
hydrophilic and hydrophobic, and oleophilic surfaces in air.
Figure 14 shows the optical micrographs of droplets in three
different phase interfaces on flat epoxy resin and micropat-
terned surfaces. In a solid—air—water interface, the water droplet
was hydrophilic for the flat epoxy resin and was superhy-
drophobic for the micropatterned surface with 23 um pitch. It is
known that air pocket formation between the pillars makes a
high static contact angle for micropatterned surface. However,
in a solid—air—oil interface, the oil droplet was oleophilic for
both surfaces. In the solid—water—oil interface system, in which
the oil droplet sits on water trapped in the pillars, it is observed
that the oil droplet in water was oleophobic and had contact
angles of 109° and 151° for flat epoxy resin and micropatterned
surface with 23 um pitch, respectively.

To study optimization of oleophobicity in the two
solid—air—water and solid—air—oil interfaces, the static contact
angles for water and oil droplets were measured on the
micropatterned surfaces [20]. Figure 15 (top) shows the
measured static contact angle as a function of pitch between the
pillars for a water droplet (circle) and an oil droplet (cross) in
air. The data are compared with predicted static contact angle
values obtained using Wenzel and Cassie—Baxter equations [20]
(solid lines) with a measured value of 0 for the micropatterned
surfaces. In a solid-air-water interface for a water droplet, the
flat epoxy resin showed a static contact angle of 76°. The static
contact angle on micropatterned surfaces is higher than that of
the flat surfaces. It first increases with an increase in the pitch
values, then starts to drop rapidly to a value slightly higher than
that of the flat surfaces. In the first portion, it jumps to a high
value of 150° corresponding to a superhydrophobic surface and
continues to increase to 160° at a pitch of 26 pm because open
air space increases with an increase in pitch responsible for the
propensity of air pocket formation. The sudden drop at a pitch
value of about 30 um corresponds to the transition from the
Cassie—Baxter to the Wenzel regime. The experimental obser-
vations for the transition are comparable to the value predicted

from Wenzel and Cassie—Baxter equations.
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Water droplet (76°) Oil droplet (13°) Oil droplet in water (109°)
with C,F ,,
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Figure 14: Optical micrographs of droplets in three different phase
interfaces on flat epoxy resin and micropatterned surface without and
with CogF42. Left images: a water droplet is placed on a surface in air.
Middle images: an oil droplet is placed on a surface in air. Right
images: an oil droplet is placed on a solid surface in water [20].

At a solid—air—oil interface for an oil droplet, the flat epoxy
resin showed a static contact angle of 13°. As shown in
Figure 15 (top), the oil droplets on all micropatterned surfaces
were oleophilic, and the contact angle was lower than that of the
flat surfaces. It increases with an increase in the pitch values as
predicted from Wenzel equation. As mentioned earlier, the
surface tension of the oil-air interface is very low for hexade-
cane. Therefore, it is observed that from Equation 11 the surface
tension of solid—oil interface (ygp) is lower than that of
solid—water interface (ygw), resulting in oleophilic state for all

micropatterned surfaces.

To study optimization of oleophobicity in a solid—water—oil
interface, the static contact angles for oil droplets in water were
measured on the micropatterned surfaces [20]. Figure 15
(bottom) shows the measured static contact angle as a function
of pitch between the pillars for an oil droplet in water
(triangles). The data are compared with the predicted static
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Figure 15: Static contact angle as a function of geometric parameters for water droplet (circle) and oil droplet (cross) in air (top), and oil droplet in
water (triangle) (bottom) compared with predicted static contact angle values obtained using Wenzel and Cassie—Baxter equations (solid lines) with a

measured value of 8 for the micropatterned surfaces [20].

contact angle values obtained using the Wenzel and
Cassie—Baxter equations [9] (solid lines), with a measured value
of 0 for the micropatterned surfaces. In a solid—water—oil inter-
face, the oil droplet on the flat epoxy resin was oleophobic and
had a static contact angle of 109°. The static contact angle of
micropatterned surfaces in the solid—water—oil interface showed
a similar trend to that in the solid—air—water interface. As the
pitch increases up to 26 um, the static contact angle first
increases gradually from 146° to 155° because the oil droplet
sits on water trapped in the pillars, and open space increases
with an increase in pitch. The contact angle then starts to
decrease rapidly due to the transition from the Cassie—Baxter to
the Wenzel regime. The experimental observations for the tran-
sition are comparable to the values predicted from Wenzel and
Cassie—Baxter equations. The micropatterned surfaces studied
here were either hydrophilic or hydrophobic and both were

oleophilic. In the solid—water—oil interface, they were oleo-
phobic. It is observed that the data are not consistent with the
model for hydrophobic surfaces shown in Figure 11 and
Table 3. However, hydrophilic surfaces became oleophobic in
the solid—water—oil interface because ypacos 8 is higher than

YWA COS Oyy.

Wetting behavior on flat and micropatterned surfaces with
Cy9F42. To study surfaces with some oleophobicity, n-perfluo-
roeicosane (CpgF4), which has lower surface tension than that
of oil, was deposited on the surfaces, and experiments with
droplets on hydrophobic and both oleophilic and oleophobic
surfaces in air were performed [20]. Figure 14 shows the optical
micrographs of droplets in three different phase interfaces on a
flat epoxy resin and a micropatterned surface with CygF4,. In a

solid—air—water interface and a solid—air—oil interface, the water
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droplet and oil droplet showed contact angles of 122° and 76°
for the flat epoxy resin with C,yF4, and contact angles of 162°
and 133° for the micropatterned surface with 23 um pitch with
CyoF 45, respectively. However, in a solid—water—oil interface,
the oil droplet in water was oleophilic and had contact angles of
4° and 9° for both surfaces, respectively. To explain why the
oleophobic surfaces in air became oleophilic in water, the theo-
retical values for both surfaces were calculated using
Equation 12. For the calculations, the surface tensions of the
water—air interface (ywa), oil-air interface (yppa), and oil-water
interface (yow) were taken to be 73, 27.5, and 51.4 mN/m, and
the contact angles for water and oil droplets in air were the
measured values. The theoretical values for the flat epoxy resin
and the micropatterned surface with 23 pm pitch with CygF4;
are 28° and 10°, respectively. These values are similar to those
from the experiments. This indicates that the oleophobic
surfaces become oleophilic in water.

Static contact angle on micropatterned surfaces with C
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To study optimization of oleophobicity in two solid—air—water
and solid—air—oil interfaces, the static contact angles for water
and oil droplets were measured on the micropatterned surfaces
with different pitch values and with Cy¢F4; [20]. Figure 16
shows the measured static contact angle as a function of pitch
between the pillars for a water droplet (circle) and an oil droplet
(cross) in air. The data are compared with the predicted static
contact angle values obtained using the Wenzel and
Cassie—Baxter equations [20] (solid lines) with a measured
value of 0 for the micropatterned surfaces with CyoF4,. In a
solid—air—water interface for the water droplet, the flat epoxy
resin with C»oF4, showed a static contact angle of 122°. The
static contact angle of micropatterned surfaces with CyFy, first
increases from 158° to 169° with an increase in the pitch values,
then starts to drop rapidly at a pitch value of 110 pm. From a
comparison of the experimental data with the Wenzel and
Cassie—Baxter equations, this corresponds to the transition from
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the Cassie—Baxter to the Wenzel regime. All surfaces with
CyoF4, had an increase in contact angle, and the transition took
place at higher pitch value than that of the micropatterned
surfaces (Figure 15).

At a solid—air—oil interface for an oil droplet, the flat epoxy
resin with CygF4, showed a static contact angle of 76°. As
shown in Figure 16, the highest contact angle of micropat-
terned surfaces with CpgF4, was 133° at a pitch value of 23 um.
Then, it decreases with an increase in the pitch values, and these
values are comparable with the values predicted by the Wenzel
equation. The contact angles of all micropatterned surfaces with
CyoF 42 are higher than that of the flat surfaces.

To study optimization of oleophobicity in a solid—water—oil
interface, the static contact angles for oil droplets in water were
measured on the micropatterned surfaces with different pitch
values and with CygF4, [20]. Figure 16 shows the measured
static contact angle as a function of pitch between the pillars for
an oil droplet in water (triangles). The data are compared with
the predicted static contact angle values obtained using the
Wenzel and Cassie—Baxter equations [20] (solid lines) with a
measured value of 0 for the micropatterned surfaces with
CyoF43. In a solid—water—oil interface, the flat epoxy resin with
CyoF4 was oleophilic and had a static contact angle of 4°. All
micropatterned surfaces with C,yF4, were oleophilic and had
contact angle lower than 10°. The reason why hydrophobic and
oleophobic surfaces in air became oleophilic in water can be
explained from Figure 11 and Table 3. The contact angle for a
water droplet is higher than that for an oil droplet on all surfaces
with CygF4,, and the surface tension of the water—air interface
(Ywa) is higher than that of the oil-air interface (ypa). There-
fore, it is observed that yy-cos Oy is higher than yg4-cos 00,
and then the surfaces become oleophilic in the solid—water—oil

interface.

Wetting behavior on nano- and hierarchical structures and
shark skin replica. To observe the wetting behavior of water
and oil droplets for nano- and hierarchical structures found from
lotus plant surfaces, experiments with the droplets on the
surfaces were performed in the three phase interface [20].
Figure 17 shows the optical micrographs of droplets in three
different phase interfaces on a nanostructure and a hierarchical
structure fabricated with 0.2 pg/mm? mass of n-hexatriacon-
tane. Both nano- and hierarchical structures were superhy-
drophobic and had a static contact angle of 158° and 169° in the
solid—air—water interface, respectively. However, they are
oleophilic in the solid—air—oil interface because the surface
energy of n-hexatriacontane is 31.4 mJ/m? (31.4 mN/m) [68],
and this value is higher than that of an oil droplet (hexadecane).

In the solid—water—oil interface, nano- and hierarchical struc-
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tures had a static contact angle of 10° and 5°, respectively. As
shown in Figure 11 and Table 3, it is observed that both
surfaces are oleophilic in solid—water—oil interface.

n-Hexatriacontane
Nanostructure

Oil droplet (8°) Oil droplet in water (10°)

Water droplet (158°)

Hierarchical structure

Oil droplet (3°) Oil droplet in water (5°)

Water droplet (169°)

Figure 17: Optical micrographs of droplets in three different phase
interfaces on nanostructure and hierarchical structure fabricated with
0.2 ug/mm?2 mass of n-hexatriacontane. Left images: a water droplet is
placed on a surface in air. Middle images: an oil droplet is placed on a
surface in air. Right images: an oil droplet is placed on a solid surface
in water [20].

To study the surface structure of an aquatic animal, experi-
ments with water and oil droplets on the shark skin replica were
performed in a three phase interface [20]. Figure 18 shows the
optical micrographs of droplets in three different phase inter-
faces on a shark skin replica without and with C»¢F4,. First, the
shark skin replica had contact angles of 89° and ~0° for water
and oil droplets, respectively. After the surface was coated with
CyoF 42, the contact angles of water and oil droplets became

Shark skin replica

(e}

Oil droplet (~0°) Qil droplet in water (109°)

rFr_1

Water droplet (89°)

with C_F

20" 42

-

Oil droplet (115°) Qil droplet in water (~0°)

Water droplet (142°)

Figure 18: Optical micrographs of droplets in three different phase
interfaces on shark skin replica without and with CygF 4. Left images: a
water droplet is placed on a surface in air. Middle images: an oil
droplet is placed on a surface in air. Right images: an oil droplet is
placed on a solid surface in water [20].
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142° and 115°, respectively. In the solid—water—oil interface,
the oil droplet in water on the shark skin replica became oleo-
phobic and had a contact angle of 109°. Based on Equation 12,
the calculated value was 59° for the oil droplet in water on a
shark skin replica. This difference may arise from the open
space under the scales of the shark skin replica responsible for
the propensity of trapped water pocket formation as reported by
Jung and Bhushan [21]. Shark skin replica with C,oF4, was
oleophilic and had a contact angle of ~0°. This state is the same
as the micropatterned surfaces with CgF4, as shown in
Figure 11 and Table 3.

Conclusion

Biomimetics allows one to mimic biology or nature and for
engineers to develop materials and devices of commercial
interest. Properties of biological materials and surfaces result
from a complex interplay between surface morphology and
physical and chemical properties. Hierarchical structures with
dimensions of features ranging from the macroscale to the
nanoscale are extremely common in nature and possess prop-
erties of interest. There are a large number of objects including
bacteria, plants, land and aquatic animals and seashells, with
properties of commercial interest.

One focus of this article is on biomimetics inspired structured
surfaces for low fluid drag. One of the models from nature is
the lotus leaf with a surface covered with wax and with hierar-
chical structure which provides superhydrophobicity, self
cleaning, and low adhesion. An aquatic animal, such as a shark,
is another model from nature. Shark skin is covered by very
small individual tooth-like scales called dermal denticles (little
skin teeth), ribbed with longitudinal grooves (aligned parallel to
the local flow direction of the water). These grooved scales
reduce vortices formation present on a smooth surface, resulting
in water moving efficiently over their surface. The artificial
surfaces inspired by the shark skin and the lotus leaf have been
created and the influence of structure has been reviewed by
measurement of pressure drop and fluid drag for drag reduction

efficiency.

Oleophobic surfaces have the potential for self-cleaning and
anti-fouling from biological and organic contaminants both in
air and underwater applications. A model for predicting the
contact angle of water and oil droplets has been reviewed. The
surface tension of oil and organic liquids is lower than that of
water, so to make the surface oleophobic in a solid—air—oil
interface, a material with surface energy lower than that of oil
should be used. The wetting behavior of water and oil droplets
for hydrophobic/philic and oleophobic/philic surfaces in three
phase interfaces is reviewed. For underwater applications, we

have reviewed oleophobicity/philicity of an oil droplet in water

Beilstein J. Nanotechnol. 2011, 2, 66-84.

on surfaces with different surface energies of various interfaces

and contact angles of water and oil droplets in air.

This article provides a useful guide for the development of
biomimetic artificial surfaces with either low drag or self-
cleaning/anti-fouling properties.
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Superhydrophobic surfaces of plants and animals are of great interest for biomimetic applications. Whereas the self-cleaning

properties of superhydrophobic surfaces have been extensively investigated, their ability to retain an air film while submerged

under water has not, in the past, received much attention. Nevertheless, air retaining surfaces are of great economic and ecological

interest because an air film can reduce friction of solid bodies sliding through the water. This opens perspectives for biomimetic

applications such as low friction fluid transport or friction reduction on ship hulls. For such applications the durability of the air

film is most important. While the air film on most superhydrophobic surfaces usually lasts no longer than a few days, a few semi-

aquatic plants and insects are able to hold an air film over a longer time period. Currently, we found high air film persistence under

hydrostatic conditions for the elytra of the backswimmer Notonecta glauca which we therefore have chosen for further investi-

gations. In this study, we compare the micro- and nanostructure of selected body parts (sternites, upper side of elytra, underside of

elytra) in reference to their air retaining properties. Our investigations demonstrate outstanding air film persistence of the upper side
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of the elytra of Notonecta glauca under hydrostatic and hydrodynamic conditions. This hierarchically structured surface was able to

hold a complete air film under hydrostatic conditions for longer than 130 days while on other body parts with simple structures the

air film showed gaps (underside of elytra) or even vanished completely after a few days (sternites). Moreover, the upper side of the

elytra was able to keep an air film up to flow velocities of 5 m/s. Obviously the complex surface structure with tiny dense

microtrichia and two types of larger specially shaped setae is relevant for this outstanding ability. Besides high air film persistence,

the observation of a considerable fluid velocity directly at the air—water interface indicates the ability to reduce friction signifi-

cantly. The combination of these two abilities makes these hierarchically structured surfaces extremely interesting as a biomimetic

model for low friction fluid transport or drag reduction on ship hulls.

Introduction

Superhydrophobic surfaces are of great economic interest
because of their amazing properties. In nature they occur in
many species of animals and plants [1,2]. These surfaces
combine a special topography at the micro- and nanoscale with
a superhydrophobic surface chemistry [3,4]. Transferred to
technical surfaces, superhydrophobic surfaces have success-
fully entered the markets of the world [5,6]. The effective self-
cleaning mechanism of the Lotus flower Nelumbo nucifera is
especially well known [3]. Granting of a patent in 1998 [7], fol-
lowed by the introduction of the trade mark Lotus-Effect® was
the start of the realisation of biomimetic self-cleaning surfaces.
Another highly interesting property of superhydrophobic
surfaces, which did not receive so much attention in the past, is
the ability to retain an air film while submerged under water.
This air film cover can reduce drag of solid bodies sliding
through water [8,9]. Therefore, air retaining surfaces are of
great economic and ecological interest for low friction fluid
transport and friction reduction on ship hulls [10-12]. On some
technical superhydrophobic surfaces extremely high drag reduc-
tion of up to 50% was measured, but on these surfaces the air
film lasted only a short time [13-15].

Biological air retaining superhydrophobic surfaces in the past
were primarily examined in the context of their respiratory
function [16-21], while some recent publications deal more with
their functional morphology and their suitability for technical
application [11,22-24]. For biomimetic applications of air
retaining surfaces for low friction fluid transport and drag
reduction on ship hulls, the durability of the air film is most
important. While on many superhydrophobic surfaces the air
film usually lasts no longer than a few days, some semi-aquatic
plants and insects are able to hold an air film for a longer time
period [19,24,25]. Very high air film persistence was observed
on the water bug Notonecta glauca under hydrostatic condi-
tions on their elytra [24]. Based on this comparative study about
the correlation of surface morphology and air film persistence
on different semi-aquatic insects, we chose Nofonecta glauca as
the model organism for further investigations on air film persis-

tence and drag reduction. The backswimmer Notonecta glauca

is surrounded by a thin film of air covering most body parts and
causing a silvery sheen (Figure 1).

Figure 1: Lateral view on the water bug Notonecta glauca.

Notonecta spp. can dive and swim quickly through water, but
most of the time it supports itself from underneath against the
water surface with both pairs of fore legs and the tip of the
abdomen [26]. The surface of the elytra is covered by a hierar-
chical structure of larger setae and very small microtrichia.
Balmert et al. hypothesized that the dense microtrichia cover is
relevant for the high air film persistence of the elytra measured
under hydrostatic conditions [24]. In the present study we will
prove this assumption by comparing the different structures on
the body parts of Notonecta. Moreover, we measure the persis-
tence of the air film of the elytra under hydrodynamic condi-
tions and its effect on friction drag. By carrying out scanning
electron microscopy, particle image velocimetry and air film
persistence tests, we will answer the following questions: (1)
Do the air retaining surface structures vary on the different body
parts? (2) Is there a correlation between surface structure and air
film persistence? (3) How is it possible to hold the air film
under hydrodynamic conditions? (4) How much is the friction

on the elytron surface reduced?
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Results and Discussion

Characteristics of air retaining surfaces

Notonecta glauca is covered with hairy structures over almost
all its body with exception of head, pronotum and legs. The
body parts show a large variety of surface structures, but in
general two types of surface protuberances occur: Large and
sparse setae as well as small and dense microtrichia. Setae have
a socket originating from an adjacent cell and are classified as
true hairs, while microtrichia originating from one cell and are,
by definition, not really hairs [27,28]. Three different body parts
of Notonecta glauca with different surface structures were
selected for further investigations; a pure setae structure, a pure
microtrichia structure and a hierarchical structure with setae and
microtrichia (Figure 2). On the abdominal sternites a pure setae

2 cover the

structure can be observed. About 2,300 setac per mm:
surface up to a height of approximately 30 um. The basis of
these setae points in the caudal direction while the tips are bent
in the distal direction (Figure 2B). These surfaces are inside of

the area of the air pockets on the abdomen.

In contrast, the underside of the elytra is covered only with
microtrichia. These tiny protuberances of an average height of
1.2 um show a large variation in height (Figure 2D) and reach a
density of approximately 5.8 x 10 mm™2. The underside of the
elytra is only able to hold a very small volume of air due to their
minor height. The little air film, however, might primarily help
to keep the wings dry.

The upper side of the elytra is hierarchically structured by larger
setae and tiny microtrichia (Figure 2E and Figure 2F). The

201‘1

microtrichia cover shows a similar density (6.0 x 10 mm™
average) as the underside of the elytra, but the height is some-
what larger (2.3 um). On these surfaces two different types of
setae occur. The first seta-type (ST 1) is tapered and bent while

the tips point more or less in the anterio—distal direction. In
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Figure 2: Selected air retaining body parts of Notonecta glauca: A,B)
setae on the abdominal sternites; C,D) underside of the elytra with a
dense cover of microtrichia; E,F) upper side of elytra with a hierar-
chical double structure of microtrichia and setae. Two different types of
setae occur. In all pictures the caudal direction of the insect is on the
right side.

contrast, the second seta-type (ST 2) is clubbed and points in
the posterior direction. The combined density of both setae-
types is approximately 250 mm 2. The air film on the upper
side of the elytra might help to keep the wings dry and save air
for respiration, but friction reduction might also be an add-
itional advantage for the backswimmer while hunting. An
overview of the structural parameters of the investigated
surfaces is given in Table 1.

Table 1: Structural parameters of the investigated body parts of Notonecta glauca (mean + 95% confidence interval, N = 6).

sternites elytra (underside)

elytra (upper side)

ST 1 (pins) ST 2 (clubs) total
setae
height [um] 303 — 60 + 15 175 397
length [um] 516 — 85+4 95+5 904
density [mm™2] 2,332 + 359 — 90+ 14 163 + 30 253+ 18
diameter [um] 2.3+0.2 — 3.1+£0.2 34102 3.3+0.1
microtrichia
height [um] — 1.2+0,2 — — 2308
density [mm™2] — (5.8 +0.3) x 108 — — (5.9+0.2) x 108
diameter [um] — 0.32£0.05 — — 0.38 £ 0.05
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All investigated surfaces are more or less superhydrophobic
(Table 2). Contact angles ranged between 154° and 158°. The
tilting angles were less than 5° on the sternites (not measurable)
and the underside of the elytra. On the upper side of the elytra
the tilting angle was higher (15°), which might be explained by
the distant shape of the first seta-type (ST 1). However, in all
cases a Cassie—Baxter regime [29] can be assumed so that the
applied drop rests on an air layer in between the cover of
surface protuberances. These hydrophobic structures enable the
animal to trap an air film between the bottom surface and the
tips of the surface protuberances.

Table 2: Contact and tilting angle of the investigated body parts of
Notonecta glauca (mean + 95% confidence interval, N = 10).

body part contact angle [°] tilting angle [°]
elytra (upper side) 154.2+1.6 15.0+4.3
elytra (underside) 155.3+4.9 <5

sternites 157.5 £ 32 <5

Air film persistence under hydrostatic condi-

tions

Submerged in an aquarium with freshwater, the three described
surface structures showed large differences in air film persis-
tence. Experiments were performed with natural surfaces as
well as with an additional superhydrophobic coating ("Anti-
spread") on the original surfaces in order to exclude an influ-
ence of a possibly different surface chemistry. The results show
similar air film persistence on untreated and treated surfaces
(Table 3). Consequently, the surface structure can be identified
as the relevant feature.

The air covering the surfaces can be identified by its silvery
sheen [30-32]. On both sides of the elytra the air film remained
for months, whereas it vanished after 1-2 days on the pure setae
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Table 3: Air film persistence of the submerged body parts of
Notonecta glauca (N = 10).

body part untreated sur-  surfaces treated
face [d] with "Antispread" [d]

elytra (upper side)  >130 >130

elytra (underside) >130 >130

sternites <2 <1

structures of the sternites (Table 3, Figure 2). On the upper and
underside of the elytra air was still present after 130 days. This
time span is much longer than that reported for Salvinia species,
which are able to hold air for only weeks. Nevertheless, the
quality of the air film was not the same on both surfaces of the
elytra. After 130 days, the upper side of the elytra was still
covered with air, almost totally. In contrast, the underside of the
elytra was no longer completely covered with air (Figure 3 and
Figure 4). In the latter, little gaps in the air film cover were
identified after a few days or a week, which increased with
time.

The different air retaining abilities of the investigated body
parts of the backswimmer indicate an optimization for different
functions. The short air film persistence of the pure setae struc-
ture (about 2 d) corresponds with the air retaining properties
described for more or less similar structures on the abdominal
sternites of other water bugs (Ilyocoris, Corixa) [24]. These
surfaces might be optimized to hold additional air for res-
piration. The volume of the air might be more relevant than
long term stability of the air film because the air store in this
area is frequently renewed.

The underside of the elytra with a dense but pure microtrichia
cover showed high air film persistence. This observation under-
lines the high relevance of the dense cover of surface protuber-
ances previously assumed by Crisp in 1949 and proved by

Figure 3: Submerged body parts of Notonecta glauca in the course of time. All surfaces were treated with a hydrophobic coating. Left side: sternites;

middle: underside of elytra; right side: upper side of elytra.
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Figure 4: Air retention [classes] of the submerged surfaces of Notonecta glauca vs time. All surfaces were treated with a hydrophobic coating. Air
retention classes define the air retaining portion (X) of the surface, with 0: X = 0%; 1: 0% < X < 20%; 2: 20% < X < 40%; 3: 40% < X < 60%; 4: 60% <

X < 80%; 5: 80% =< X < 100%; 6: X = 100%.

Balmert [24,33]. The wetting of the microtrichia cover will
require a significant amount of energy due to the density of the
structures. A dense cover of surface protuberances leads to a
smaller radius of curvature of the air—water interface between
the structures: More energy is necessary to displace an inter-
face with a smaller radius [19,24]. Furthermore, the variable
height of microtrichia leads to an increased density of
microtrichia with decreasing distance to the body surface. Also
the decreased air—water interface itself leads to a higher resis-
tance against water pressure according to the model of Crisp
and Thorpe [17]. The tiny, but stable, air film on the underside
of the elytra seems to be more relevant to keep the wings dry
rather than playing a role in the storage of air required for res-
piration.

Nevertheless, our results show that the quality of the air film
was not the same as for the upper side of the elytra. Therefore,
it can be hypothesized that the presence of setae in addition to
the microtrichia cover not only contributes to the storage of a
higher volume of air, but also stabilizes the air film itself by a
kind of two barrier system. Also the reduced height of the
microtrichia on the underside (1.2 um) in comparison to the
upper side of the elytra (2.3 pm) might contribute to the
reduced air film persistence. In contrast to the underside of
elytra in the living animal, the upper side stays in direct contact
with the water. It therefore may have developed further adapta-
tions to stabilize the air film. Obviously, the hierarchical double
structure of the upper side of the elytra with a dense
microtrichia cover and two different kinds of setae is most ad-
vantageous for long term air film persistence. Both types of
setae are more or less tilted in the posterior direction at their
bases. Therefore, a directional choice is forced when the setae
are bent and a more stable air film can be expected according to
Blow and Yeomans in comparison to setae bent in different
directions [34].

Air film persistence under hydrodynamic

conditions

Due to their outstanding properties in air film persistence under
hydrostatic conditions, the upper side of the elytra was chosen
for hydrodynamic experiments. Impressively the upper side of
the elytron was able to hold an air film up to a fluid velocity of
5 m/s (Figure 5).

100.0%

80.0%

60.0%

40.0%

20.0%

0.0%
0.50

air covered surface of the elytron

100 150 200 250 3.00 350 4.00 450 5.00

fluid velocity [m/s]

Figure 5: Air covered surface on the upper side of the elytron at
increasing inflow velocity.

The experiment started at low flow velocities of 0.5 m/s where
no wetting was visible. At increasing flow velocities the frac-
tion of the surface on the elytron covered with air decreased
slightly (80% at 1.5 m/s). It is remarkable that at inflow veloci-
ties between 1.5 m/s and 3.5 m/s the fraction of air covered
surface is reduced only marginally by 10% (70% at 3.5 m/s).
Even at high flow velocities of 5.0 m/s, 61% of the surface
initially covered with air is still intact. In comparison, the water
fern Salvinia molesta, which is another model organism for air
retention, had about 60% of the initial area covered with air at a
flow velocity of 2.25 m/s [35]. Obviously, the surface structure
of the upper side of the elytra of the backswimmer is optimally

adapted to hold an air film under hydrodynamic conditions.

141



Beneath the dense microtrichia cover the special shape of the
two different seta-types seems to contribute to this remarkable
property. The angular positioning of the setae in the direction of
flow leads to an increased contact area between setae and water
when the setae are bent by increased pressure due to pressure
fluctuation. Therefore, a similar mechanism as described for the
eggbeater shaped structures of Salvinia molesta [12] occurs.
The penetration of the water requires energy for creating the
larger contact area between the hydrophobic setae and water.
The bending of the setaec might also enable a flexible adapta-
tion of the air water interface to the oscillation of the water
flow. On the elytron surface, moreover, the microtrichia cover
is present as an additional effective backup-system, if water is

pressed close to the body surface between the setae.

Velocity field above the elytron surface under

hydrodynamic conditions

Next to the persistence of the air film at the surface, the quan-
tification of the velocity field and the friction reduction at the
water—air interface are most important. The velocity field above
the elytron surface was investigated by means of particle image
velocimetry (PIV), which is a contactless method to measure
the velocity field in fluids by analysing the particle movement.
The measurement of the flow on the elytron surface were
performed at a flow velocity of 0.5 m/s parallel to the surface.
To represent the mean flow field above the elytron surface, the
average of the velocity vector measurements using PIV is
presented in Figure 6. For a better survey only every second
velocity vector in the vertical and horizontal directions is
plotted. Along the red line velocity vectors were selected to
assemble a profile perpendicular to the surface. The resulting
profile is depicted in Figure 7, the values being normalized with
the mean velocity of the oncoming flow. The profile shows that
the flow velocity in the vicinity of the surface differs signifi-
cantly from zero due to the air retained on the surface. Since
wall bonding is not possible at the water—air interface, slippage
can be observed.

y [mm]
1.004

0.501

150 x[mm]

Figure 6: Averaged velocity field over the elytron surface (upper side).
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Figure 7: Velocity component u parallel to the elytron surface recorded
along path in Figure 6.

The velocity measurements indicate that the fluid moves over
the interface at nearly one third of the inflow velocity. Hence, it
can be assumed, that a considerable friction reduction is
present. Next to the effect of the air film itself on friction reduc-
tion, we assume that the special shape of the setae on the upper

side of the elytra might contribute to this property.

Conclusion

Our investigations showed outstanding air film persistence
under hydrostatic and hydrodynamic conditions of the upper
side of the elytra of Notonecta glauca. Moreover, a consider-
able reduction of the friction on the elytron surface was
measured. The combination of these two abilities makes these
hierarchically structured surfaces extremely interesting for
biomimetic applications such as low friction fluid transport or
drag reduction on ship hulls.

Experimental
Animals. Freshly killed insects were dissected and the air
retaining surfaces were processed immediately after taxidermy.

Scanning electron microscopy. Isolated body parts were glued
on insect pins, sputter-coated with 20 nm gold on the upper and
underside (Balzers Union SCD 040 Sputter-Coater, Baltec AG,
Liechtenstein) and screwed to a custom made holder [25,36],
which allowed the examination of all sides. The specimens were
examined with a Cambridge Stereoscan 200 scanning electron
microscope (SEM) (Cambridge Instruments Ltd., Cambridge,
UK) using a tungsten cathode and accelerating voltages
between 5 and 15 kV. To determine structural surface parame-
ters, SEM images of 10 areas of each of the 6 investigated indi-
viduals were analysed with the digital image processing soft-
ware Imagel.

Contact angle (CA) measurements. To characterise the wetting

behaviour of the biological surfaces, contact (CA) and tilting
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angle (TA) measurements were performed with a DataPhysics
Contact Angle System OCA, TBU 90 E (DataPhysics GmbH,
Filderstadt, Germany), which was operated by the software
SCR 20 (DataPhysics). CA measurements were performed with
the “needle-in-drop” method by application of 5 uL droplets of
pure water. CA and TA were measured for ten drops to each of
ten individuals.

Measurement of air film persistence under hydrostatic condi-
tions. For this experiment, three different body parts of
Notonecta glauca with different surface structures were
selected. Ten samples of each surface were fixed on insect pins
glued onto thin plates of polyvinyl chloride by a water resistant
two-component adhesive (Pattex Powerkleber Kraft Mix
Extrem Schnell, Henkel AG & Co. KGaA, Diisseldorf,
Germany). Specimens were submerged in an aquarium filled
with pure water to a depth of 15 cm at room temperature. Air
film persistence was detected optically by light reflection at the
air—water interface. Digital images of the submerged specimens
were recorded using a Canon Power Shot SX110IS digital

camera (Canon Inc., Japan).

To compare the air film persistence of the three investigated
surfaces with regard to the different surface structures, we
covered them with a uniform hydrophobic surface coating. For
that purpose the surfaces were dipped in Antispread (F2/200
Fluorcarbon 60, Horb-Ahldorf, Germany) for 10 s which forms
approximately 40 nm thin layers on the substrate surfaces (pro-
duct information). After drying for 30 minutes, the hydropho-
bized specimens were treated like the native surfaces as
described above.

Measurement of the velocity field above the surface and air
film persistence under hydrodynamic conditions. Experiments
under hydrodynamic conditions were performed for the upper
side of the elytra by particle image velocimetry. Neutrally
buoyant particles were added to the flow and then digital
images were recorded in selected planes [37]. For macroscopic
setups, the location of the plane was defined by illuminating the
particles with a thin laser-light sheet whereas for microscopic
experiments the plane was selected by the depth of focus in a
completely illuminated volume [38].

The experiment was performed in a closed circuit water channel
with a cross-section of 15 x 30 mm2. A single elytron of
Notonecta was fixed to an exchangeable retainer which was
placed inside the channel using a streamlined base plate on a
wall mounted post (Plastik Fermit wei3, Fermit). For the obser-
vation of the flow, a microscope with a Leica lens (planapo 2.0)
was used resulting in an observation area orthogonal to the

elytron surface of 2.6 x 1.4 mm?2. Within the focal plane of the
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lens, the particle images could then be observed. Double-frame
image pairs were generated by a HiSense PIV camera (Dantec
Dynamics, Copenhagen, Denmark) while the flow-field was
completely illuminated by a pulsed 5 W LED. The in-plane
velocity vector components were then calculated using an
average correlation scheme with an interrogation area size of
64 x 32 pixels and an overlap of 50%. Finally, the velocity
profiles of the flow along a path perpendicular to the air

retaining surface were evaluated.

In addition to the analysis of the velocity field the persistence of
the air film under dynamic conditions was determined. To quan-
tify the air film coverage on the elytron, images of the surface
of the elytron were taken with a digital SLR camera (Nikon
D80, Japan) at different flow velocities in the channel. Add-
itional illumination was achieved by a Cold-light source KL
1500 LCD (Zeiss, Germany). The dimension of the air film on
the surface was subsequently derived from the images using the
area of total light reflection on the elytron.
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Abstract

In the wetting of a solid by a liquid it is often assumed that the substrate is rigid. However, for an elastic substrate the rigidity
depends on the cube of its thickness and so reduces rapidly as the substrate becomes thinner as it approaches becoming a thin sheet.
In such circumstances, it has been shown that the capillary forces caused by a contacting droplet of a liquid can shape the solid
rather than the solid shaping the liquid. A substrate can be bent and folded as a (pinned) droplet evaporates or even instantaneously
and spontaneously wrapped on contact with a droplet. When this effect is used to create three dimensional shapes from initially flat
sheets, the effect is called capillary origami or droplet wrapping.

In this work, we consider how the conditions for the spontaneous, capillary induced, folding of a thin ribbon substrate might be
altered by a rigid surface structure that, for a rigid substrate, would be expected to create Cassie—Baxter and Wenzel effects. For
smooth thin substrates, droplet wrapping can occur for all liquids, including those for which the Young’s law contact angle (defined
by the interfacial tensions) is greater than 90° and which would therefore normally be considered relatively hydrophobic. However,
consideration of the balance between bending and interfacial energies suggests that the tendency for droplet wrapping can be
suppressed for some liquids by providing the flexible solid surface with a rigid topographic structure. In general, it is known that
when a liquid interacts with such a structure it can either fully penetrate the structure (the Wenzel case) or it can bridge between the
asperities of the structure (the Cassie—Baxter case).

In this report, we show theoretically that droplet wrapping should occur with both types of solid-liquid contact. We also derive a
condition for the transition between the Cassie—Baxter and Wenzel type droplet wrapping and relate it to the same transition condi-
tion known to apply to superhydrophobic surfaces. The results are given for both droplets being wrapped by thin ribbons and for
solid grains encapsulating droplets to form liquid marbles.
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Introduction

In wetting, the usual implicit assumption is that a solid substrate
is sufficiently thick or rigid, that it does not deform or change
shape due to the interfacial forces that arise when it contacts a
droplet of a liquid, however, in many natural systems this is not
the case. Depositing a small droplet onto a smooth substrate and
measuring the contact angle in side-profile view gives the
contact angle, 0, which is assumed (to within contact angle
hysteresis) to approximate to the Young’s law value, 6., given
by the interfacial tensions, i.e., cos0, = (ysy — YsL.)/YLv Where
the y;; are the interfacial tensions between the solid, liquid and
vapor phases. However, the bending rigidity of a solid elastic
plate scales with the cube of its thickness and this assumption
can become erroneous [1]. When a droplet has a radius, R,
larger than the elastocapillary bending length [2], Lgc =
(kp/yLy)!?
liquid. In practice, this effect has been given the name “capil-

the solid can become deformed and shaped by the

lary origami” based on experiments showing how films of poly-
dimethylsiloxane (PDMS) shaped in two-dimensions can be
folded by evaporating droplets of water to produce a designed
three-dimensional shape [3,4]; an effect stronger than the
dimpling of an elastomer surface by a deposited droplet [5].
Capillary origami is more than a curiosity and has implications
for technological applications in creating three-dimensional
structures from initially flat films through the capillary forces
during liquid evaporation and drying [6-8]. The effect of capil-
lary forces due to nanodroplets in activating and guiding the
folding of planar graphene ribbons has recently been simulated

[9].

Figure 1 illustrates capillary origami concepts and effects based
on original ideas by Py et al [3,4]. When a PDMS (Sylgard 184)
substrate of reduced thickness is contacted by a droplet of water
(containing blue food dye) capillary forces bend it out of its
initial planar shape (Figure 1a). When the substrate thickness is
reduced to 45 um and cut into a triangular shape (10 mm side
lengths) and scored with a laser (Universal Laser Systems 30W
CO;y laser cutter) to create fold-lines (Figure 1b), contact with a
large droplet of water can create a three-dimensional shape
(Figure 1d). On contact by the droplet the sheet is bent
(Figure 1c) and after droplet evaporation a tetrahedron is
formed (Figure 1d). Whilst this is an example of the shaping of
a solid substrate by capillary forces, the final shape relies on
evaporation to complete the process.

Figure 2 illustrates a number of effects as a droplet contacts a
thin PDMS strip substrate (“ribbon”) hanging vertically. If a
droplet is deposited on a long ribbon it causes substrate deform-
ation, but is unable to wrap or fold the substrate around itself
and, as evaporation proceeds, the deformation decreases
(Figure 2a). However, when the length of ribbon below the
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Figure 1: Effect of droplets of blue-dyed water on a thin polydimethyl-
siloxane (PDMS) membrane: a) droplet causing bending of the
substrate, b) initial shaped substrate with the three score lines for
folding, c) droplet induced folding, and d) three-dimensional shape left
after completion of evaporation.

droplet contact point is sufficiently short, the contacting droplet
can quickly fold the ribbon up against gravity and wrap itself.
Figure 1 and Figure 2 are illustrative of the ability of capillary
forces to deform, fold and bend substrates. The concepts of
capillary origami and droplet wrapping also have implications
for our understanding of the definition of hydrophobicity and its
relationship to adhesion. Gao and McCarthy demonstrated that
spontaneous and complete droplet wrapping occurs, without the
need for evaporation, with a thin film of Teflon® even though
this material would normally have a contact angle to water
greater than 90° and so be regarded as hydrophobic [10]; an
effect one of the current authors explained on the basis of the
changes in the balance between interfacial and bending ener-
gies [11].

In a previous report, McHale argued from surface free energy
considerations that, when the bending energy is small, all solids
should demonstrate droplet wrapping and so can, in an absolute
sense, be considered hydrophilic [11]. That work also discussed
why for a partially wetting droplet to be observed there is ne-
cessarily an assumption of some rigidity of the substrate, so that
the usual definition of relative hydrophobicity (and relative
hydrophilicity) through contact angle measurement includes a
structural non-surface chemistry based assumption about the
solid. It was also suggested that a set of loose spherical grains
could be considered to be the extreme case of a solid with no
bending energy, thus relating the concept of droplet wrapping to
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Figure 2: Effect of droplets of water on a thin polydimethylsiloxane
(PDMS) membrane ribbon substrate hanging vertically: a) droplet
causing a bending of the substrate which disappears as evaporation
proceeds (three frames), b) spontaneous wrapping as a droplet
touches a membrane ribbon (initial and final states).

that of the formation of liquid marbles [12,13]. It was further
argued that when the flexible solid surface possessed rigid
surface roughness or the solid grains had a rigid surface rough-
ness, droplet wrapping might, under defined conditions for the
surface chemistry defined contact angle, be suppressed. Since
wrapping a spherical droplet requires both bending and
stretching of the solid, in this report, we consider the simpler,
but experimentally realizable, cases of wrapping of a droplet of
water by a thin ribbon and the assembly of solid grains to form
a liquid marble. For both cases, we extend the previous theoreti-
cal consideration to ribbon-type substrates and disconnected
solid grains with a rigid surface structure. We review the case
for surface roughness that has low aspect ratio so that the liquid
can penetrate into the structure — the Wenzel case [14,15]. We
then consider whether droplet wrapping can occur without
penetration into the surface structure — the Cassie—Baxter case
[16,17]. We show that droplet wrapping should occur with both
types of configuration and we derive a condition for the tran-
sition between these two cases; this condition is the same as for
the Wenzel to Cassie—Baxter transition on a superhydrophobic
surface [18,19].

Results and Discussion
1. Droplet wrapping theory

To assess whether it is energetically favourable for a liquid to
become wrapped in a solid we consider the change in inter-
facial energy as the solid—vapor interface is replaced by a
solid-liquid interface together with the increase in bending
energy as the solid deforms from a planar ribbon, similar to
those shown in Figure 2, of width w << R, where R is the
droplet radius. The use of a ribbon substrate allows the problem
to be simplified to a quasi-two dimensional situation. Assuming
there is no spontaneous curvature of the solid film, the initial
energy is given by the sum of the energy associated with the
liquid in contact with the vapor and the surfaces of the solid in

contact with the vapor (Figure 3a),
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o |
F'= A yyry +rwASyTsv + 45V Ysv )]

where Alj y is the initial liquid—vapor interfacial area, APgy is
the initial planar projection of the area of the upper surface of
the solid film, ry is the Wenzel roughness of the surface, and
the y;; are the interfacial tensions; the lower surface of the film
is assumed to have an area A'°%e'qy,. The initial liquid-vapor
area is A'[y = 4nR%, where R is the droplet radius, and after
wrapping it is assumed that the shape is spherical with the same
radius R. This means that a planar projected area 2nRw of the
ribbon’s area is involved in the wrapping. For simplicity in the
following, we limit the initial ribbon length to 2zR, so that APgy
= 2nRw is assumed.

a) Initial state

vapor

solid
=== ======= ===

T

b) Wenzel state c) Cassie state

water

in solid

Figure 3: Initial and final states involved in a droplet wrapping event
for a flexible ribbon membrane with rigid roughness. In the Wenzel
case the liquid penetrates between features and in the Cassie case it
bridges between them.

The energy per unit area, f;,, associated with bending and
stretching a thin membrane substrate is related to the principal
radii of curvatures of the substrate,

2
Kb(Cl+Cz)
—~— =7 ixeoc 2
2 G192

Jo =

where Ky, is the elastic bending rigidity and kg is the Gaussian
bending modulus [20]. For a film of thickness #, the bending
rigidity is given by k, = EA3/12(1-v2), where E is Young’s
modulus and v is Poisson’s ratio; the Gaussian bending modulus
relates to any stretching or compression of the film. The coeffi-

cients ¢ and ¢, are the principal radii of curvature, which for a
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spherical droplet are ¢ = ¢y = 1/R. For a ribbon bending only
along its length ¢; = 1/R and ¢, = 0 so that for a radius of R the

bending energy per unit area is,

2
K C K
fb _ b*1 _ ™Mb 3)

2 2R?

When the liquid comes into contact with the ribbon, assuming
the ribbon can bend, and that the roughness remains unchanged,
we can imagine two types of wrapping scenarios. In the Wenzel
case, the liquid may penetrate between the surface features and
retain contact with the ribbon at all points along its surface
(Figure 3b). In the alternative Cassie—Baxter case, the surface
structure combined with the surface chemistry may be such that
the liquid bridges between the tops of the surface features
leaving vapor between them (Figure 3c¢).

1.1 Wenzel case

In the Wenzel case, the liquid penetrates between surface
features (Figure 3b) and the difference in energy between the
final and the initial state related to the attachment of the droplet
to the ribbon is given by,

2
AFW Kbcl

2nRw B

Iy (YSL —YsV)—YLV + )

which can be rewritten using the definition of the Young’s law

equilibrium contact angle on a rigid surface of cosb = (ysy —
YsL)/YL; 8s,

AF, Kpet

w bl

2nRw

= —ypv (rw cosB, +1)+ ©)

For liquids which on a rigid smooth solid substrate are consid-
ered to be partially wetting the cosine satisfies —1 < cosf, < 1
and 0, gives a finite Young’s law contact angle. However, for
those liquids which completely wet and form films, the combin-
ation (ysy — Ysp)/yLv has a value greater than 1. The combin-
ation of the roughness, rw, multiplying cosf, immediately
introduces the Wenzel contact angle,

KbC12
2

AFy
2nRw

=—ypy (cosOy +1)+ (6)

One assumption in Equation 6 is that the final radius of the
wrapped portion of the droplet is approximately the same as the

initial droplet radius.
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1.2 Cassie—Baxter case

In the Cassie—Baxter case, complete penetration of liquid
between surface features does not occur (Figure 3c). The
liquid only contacts a fraction ¢4 of the surface thus leaving
a fraction (rw — @) of the solid surface in contact with the
vapor. In addition, the liquid bridges between surface features,
thus providing a set of menisci, here approximated by a frac-
tion (1 — @) of the surface with a liquid—vapor interface. The
difference in energy between the final and the initial state
related to the attachment of the droplet to the ribbon is then

given by,
AVOS
= +(1- +
i O (1-05)vLv
5 @
Kp<
(rw — O )YSV —rwYsv ~YLv t ’

Cancelling terms involving the roughness factor 7y and using
the definition of the equilibrium contact angle on a rigid

substrate of cosf = (ysy — yYspL)/yLv gives,

AFcp
2nRw

2
=-YLv ((ps cos 0, _(1_(Ps)+ 1)+ Kb201 ®)

Defining the Cassie—Baxter combination cosOcg = @scos0, —
(1—@s), which is familiar from the modelling of droplets on
superhydrophobic surfaces, gives,

Afcp Kpef
2nRw

©

=—ypy (cosOcp +1)+

The similarity of Equation 6 and Equation 9 can be revealed by
writing,

AFy
2TRw

2
=—yLy (cosOp + 1)+Kb%

(10)

where the subscript T defines the topographic assumption of the
liquid either in a Wenzel (“penetrating”) or Cassie—Baxter
(“skating”™) state. In the form presented by Equation 10, the
principal radius of curvature c; is given by 1/R and so the
energy change per unit area of the ribbon substrate depends on
the droplet size.

1.3 Wrapping and transitions with roughness

The wrapping state will be stable provided the energy change
given by Equation 10 is negative, i.e.,
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Kbclz

cosOp > -1+
2y

(In

Defining the dimensionless curvature elastocapillary number
ngc = kpe12/2yLy, Equation 11 can be written as,

cosO1 > —1+ngc (12)

A ribbon substrate that is unable to bend in response to contact
with the liquid will have an elastocapillary number that tends
to infinity and so wrapping will not occur. When the elasto-
capillary number has a finite value, wrapping will occur, but
will depend on the volume and shape of the liquid. For a drop-
let with a spherical shape of radius R, the elastocapillary
number is ngc = kp/2yLvR% = %(Lgc/R)?, where Lgc =
(kp/yLv)? is the characteristic elastocapillary length.
Equation 12 then becomes,

L 1/2
cos Oy >—1+2(%) (13)

This condition for droplet wrapping depends upon the state
of contact of the wrapped liquid with the solid surface, i.e.,
penetrating or skating. For the Cassie—Baxter state with its
air-pockets to be thermodynamically stable compared to
the Wenzel state, requires AFcg < AFyw in addition to
AFcg < 0. Since the curvature energy contributes the same
to both, Equation 10 implies cosOyw < cosO¢p, which gives a
condition on the relationship between the Young’s law
contact angle 0., and the roughness ry and solid surface frac-

tion @g,

(14

1-
cos 0, < —(ij =cos 6,
iy —Ps

where 6 is a critical contact angle for thermodynamic stability
of the Cassie—Baxter state; when the Young’s law contact angle
exceeds the critical contact angle the Cassie—Baxter state is
favoured over the Wenzel state. Equation 14 is exactly the same
as the condition derived by Bico et al., for the thermodynamic
stability of the Cassie—Baxter state on a superhydrophobic
surface [18,19]. As noted by these authors, when 90° < 6, < 0,
the Cassie—Baxter state may exist due to, e.g., pinning on sharp
edges of features, but it is a metastable state.

Here we have also only considered a simple model that assumes
either a Wenzel state or a Cassie—Baxter state. However,

surfaces with curvature can effectively have a combination of
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both Wenzel and Cassie—Baxter properties with the solid
surface fraction becoming a function of the Young’s law
contact angle [21]. Re-entrant surfaces have been shown to be
particularly effective in producing suspended droplets of liquids
with low surface tensions [22]. Following the superhy-
drophobic literature, we can also anticipate that if the surface
chemistry tends towards hydrophilic (i.e., 6, < 90°) there might
be a hemi-wicking effect with the liquid invading the surface
texture, but wetting the asperities of the topographic features. A
simple two-dimensional model consideration of the energy
changes as a liquid invades a structure on a thin substrate
suggests that the critical Young’s law contact angle for hemi-
wicking will be shifted to values lower than 6. due to the contri-

bution of bending energy.

1.4 Drop size and contact angle effects

The inclusion of the energy associated with the curvature
of a substrate introduces a characteristic elastocapillary
length and results in drop size effects. For a ribbon film
substrate, Equation 10 implies wrapping requires the
droplet radius R to be greater than a critical radius, R, given
by,

1/2 . 1/2
Kp
R = = L (15
¢ (ZYLV(COSGT +1)J (2(0059T+1)J ec (19)

which can be compared to the condition R > Lpc/v2

given by Py et al [3]. Thus, there is a critical radius which
depends on the Young’s law contact angle, 0., and the topo-
graphic structure via the surface roughness, 7y, or solid surface

fraction, @.

In the Cassie—Baxter case, cosOt = cosOcp, and O¢cg can ap-
proach 180° from below and, as it does so, the critical radius for
wrapping tends to infinity; a strongly superhydrophobic ribbon
will not result in droplet wrapping because the energy gain
cannot overcome the bending energy. In the Wenzel case, cosOt
= cosByy, and this is positive when 0, < 90°, but negative when
0 > 90°. In the former case, the critical radius becomes smaller
as the Young’s law contact angle tends to zero or as the rough-
ness increases; a film can be wrapped in a tighter curve and,
hence, a smaller droplet radius is needed. It should also be
noted that cos6, is defined by a combination of the interfacial
tensions and this combination can be greater than unity; this
corresponds to a film of liquid on a smooth and rigidly flat
surface. In the considerations above, no account has been taken
of the finite mass of the substrate on the critical volume of
liquid required for wrapping; a problem recently considered
experimentally and theoretically for square and triangular sheets
of PDMS by Chen et al [23].
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2. Liquid marbles and topographically struc-

tured grains

When a solid in the form of a thin ribbon wraps around a drop-
let it only needs to bend, whereas when the solid is a sheet it
needs to either stretch and deform or to crumple and fold. Such
a situation could be considered, but additional energies relating
to these effects would need to be included unless the contribu-
tion from these is at no energy cost. One possible situation that
conceptually is similar to a substrate able to deform and
conform to a liquid surface, but without any bending or
stretching energy cost, is the adhesion of a collection of solid
grains to a liquid surface to encapsulate it and form a liquid
marble (Figure 4a and Figure 4b) [12,13,24]. In an abstract
sense, a collection of grains assembled in a close-packed form
onto a liquid—vapor interface is the extreme limit of a flexible
solid possessing no curvature (or stretching) energy and, hence,
a vanishing elastocapillary length. In the study of liquid
marbles, the simplest assumption is that each grain is spherical
in shape and has no particular surface topography. As a conse-
quence all grains, irrespective of their surface chemistry, will
adhere to the water-air interface; a similar conclusion to that
regarding the absolute hydrophilicity of solids when their curva-
ture energy is zero. The effect of surface chemistry, charac-
terised through the Young’s law contact angle, is to determine
the strength of the adhesion to the air-water interface with
maximum strength corresponding to 6, = 90°; if 0, > 90° more
than half the grain projects out of the interface into the air. In
practice, the surfaces of the grains do not need to be smooth and
can have a topographic structure. For example, pollen grains
come in a variety of shapes, commonly spherical, ovoid or disc-
like with lengths in the order of 10-100 pm and their surfaces
(exine) under scanning electron microscopy vary from rela-
tively smooth to mesh-like and ones adorned with sharp spikes
(see, e.g., [25]).

By considering the changes in interfacial areas as a spherical
grain of radius Ry with a roughness ry attaches to a droplet of
radius R (Figure 4c), we deduce the change in surface free
energy AFMq,
AFM

= —Aeapyry (1+c0s 07 ) (16)

where Acap = nRg2(1 + cosOt) is the spherical cap area of the
solid grain of radius Ry intersecting the droplet and 07 is either
the Wenzel contact angle or the Cassie—Baxter contact angle,
depending on whether the liquid penetrates between the topo-
graphic features on the surface of the grain or whether it bridges
between the asperities (and is therefore only in contact with a
fraction of the solid area, ¢g). In a similar manner to droplet

wrapping, Equation 14 defines a minimum Young’s law contact
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solid

Figure 4: Formation of a liquid marbles: a) droplet contacting substrate
composed of loose grains, b) attachment of grains to encapsulate a
droplet, c) minimisation of surface free energy by replacement of a
portion of the liquid—vapor interface by a portion of the rough solid
surface from an attaching grain.

angle for the Cassie—Baxter state to be thermodynamically
stable over the Wenzel state. The idea of a solid film that tends
to a non-adhesive surface for liquids can be extended to non-
stick granular or powder systems. All smooth spherical grains
adhere to the liquid interface because (1 + cos,) can never be
negative. However, when the surface of a grain is structured it
can become superhydrophobic and it will then only weakly
attach to the surface of the liquid.

Conclusion

In this work, we have focused on a rigid surface structure on a
thin flexible substrate, but the inverse situation of a flexible
surface structure on a rigid substrate has recently also been
modelled [26,27]. A result of that work is an understanding that
elastocapillary effects can provide additional stability for
Cassie-type suspended liquid states involved in, e.g., plastron
respiration [27-29]. It therefore seems likely that to fully under-
stand superhydrophobic surfaces, the flexible nature of elements
of surfaces needs to be understood. Using a model of a thin
ribbon (strip) substrate we have shown that relaxing the
assumption of a rigid substrate allows a contacting droplet to
shape and bend the substrate provided the droplet radius is
larger than a critical value. When the flexible substrate has a
surface with a rigid topographic structure, the critical
droplet radius at which droplets wrap depends on both the
clastocapillary length and a function of either the Wenzel or the
Cassie—Baxter contact angle dependent on the state of the
contact. We have argued that liquid marbles can be thought of
as such a system, but with a vanishing elastocapillary length.

Manipulating the surface structure therefore provides a method,
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complementary to control of substrate thickness, to tune the

balance of adhesive forces between liquids and solids both

within capillary origami and granular systems.
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Abstract

Lotus leaves have become an icon for superhydrophobicity and self-cleaning surfaces, and have led to the concept of the ‘Lotus
effect’. Although many other plants have superhydrophobic surfaces with almost similar contact angles, the lotus shows better
stability and perfection of its water repellency. Here, we compare the relevant properties such as the micro- and nano-structure, the
chemical composition of the waxes and the mechanical properties of lotus with its competitors. It soon becomes obvious that the
upper epidermis of the lotus leaf has developed some unrivaled optimizations. The extraordinary shape and the density of the
papillae are the basis for the extremely reduced contact area between surface and water drops. The exceptional dense layer of very
small epicuticular wax tubules is a result of their unique chemical composition. The mechanical robustness of the papillae and the
wax tubules reduce damage and are the basis for the perfection and durability of the water repellency. A reason for the optimiza-
tion, particularly of the upper side of the lotus leaf, can be deduced from the fact that the stomata are located in the upper epidermis.
Here, the impact of rain and contamination is higher than on the lower epidermis. The lotus plant has successfully developed an
excellent protection for this delicate epistomatic surface of its leaves.

Introduction

Since the introduction of the ‘Lotus concept’ in 1992 [1,2], the
lotus leaf became the archetype for superhydrophobicity and
self-cleaning properties of plant surfaces and a model for tech-

nical analogues [3,4] . Lotus (Nelumbo nucifera) is a semi-

aquatic plant and develops peltate leaves up to 30 cm in dia-
meter with remarkable water repellency. As an adaptation to the
aquatic environment — some of the leaves float occasionally on

the water surface — the stomata are located in the upper
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epidermis. The lower epidermis consists of convex cells
covered with wax tubules and contains only few stomata. The
upper epidermis features the distinctive hierarchical structure
consisting of papillae with a dense coating of agglomerated wax
tubules, which is the basis for the famous superhydrophobicity
(Figure 1).

Figure 1: (a) Lotus leaves, which exhibit extraordinary water repel-
lency on their upper side. (b) Scanning electron microscopy (SEM)
image of the upper leaf side prepared by ‘glycerol substitution’ shows
the hierarchical surface structure consisting of papillae, wax clusters
and wax tubules. (c) Wax tubules on the upper leaf side. (d) Upper leaf
side after critical-point (CP) drying. The wax tubules are dissolved,
thus the stomata are more visible. Tilt angle 15°. (e) Leaf underside
(CP dried) shows convex cells without stomata.

However, a hierarchical surface structure which induces strong
water repellency and contact angles above 150° is not a special
feature of lotus leaves. It has been known for a long time that
plant surfaces covered with epicuticular wax crystals are water
repellent, and that this feature is enhanced when the epidermis
has additional structures such as papillae or hairs [5,6]. Nein-
huis and Barthlott (1997) [7] presented an overview of more
than 200 species with contact angles >150° and their surface
morphologies. Many studies, in which the properties of lotus
leaves were compared with those of other superhydrophobic
plants, have shown the superiority of the upper side of the lotus
leaf. A standard tool for the determination of wettability or

Beilstein J. Nanotechnol. 2011, 2, 152-161.

water repellency is the measurement of the static contact angle
by the ‘sessile drop’ method. Neinhuis and Barthlott (1997) [7]
for example, measured contact angles on the lotus leaf of 162°,
which are among the highest of the compared species, but many
other (43%) of the tested superhydrophobic plants also showed
contact angles between 160 and 163°. Even some species with
flat epidermis cells but with a dense layer of epicuticular wax
crystals, such as Brassica oleracea or some Eucalyptus species,
can exhibit contact angles >160°. Thus, the contact angle alone
is not suitable for a differentiated comparison of superhy-
drophobic samples. Other values such as contact angle
hysteresis or roll-off (tilting) angle show more clearly the
differences between the species. Mockenhaupt et al. (2008) [8]
compared the tilting angles and the stability of the superhy-
drophobicity of various plants under moisture condensation
conditions. Only the lotus leaves showed no significant loss of
water repellency when water vapour condensed on the surface
of the cooled samples at 5 °C. Wagner et al. (2003) [9] exam-
ined the morphology of the epidermal structures and the wetta-
bility with liquids of varying surface tension such as
methanol-water mixtures. They reported the lowest wettability
by these liquids for the lotus leaves in comparison to other
species. They also described the unique shape of the papillae
and a very high papillae density (number per area). Chemical
analyses [10] and crystal structure analysis by X-ray diffraction
[11] showed unique properties of the epicuticular wax of the
lotus. The high content of nonacosanediols leads to a high
melting point as well as a strongly disturbed crystal structure
which is the basis for the formation of tubules. The visualiza-
tion of the contact zone between leaves and droplets with cryo-
scanning electron microscopy demonstrated the extremely
reduced contact area for lotus [12]. Zhang et al. (2008) [13]
made detailed measurements of the water repellency of the
papillose lotus leaf surface in comparison with the non-papil-
lose leaf margin. The importance of the nanoscopic wax crys-
tals for the water repellency was demonstrated by Cheng et al.
(2006) [14]. They reported a strong decrease of the contact
angle after melting of the waxes. A limited air retaining capa-
bility of submersed lotus leaves was reported by Zhang et al.
(2009) [15] after the leaves were held at a depth of 50 cm for
2 h. Bhushan et al. (2010) [4] used the surface structures of the
lotus leaf as model for the development of artificial biomimetic
superhydrophobic structures.

It became obvious that the outstanding and stable superhy-
drophobicity of the lotus leaf relies on the combination of opti-
mized features such as the surface topography, robustness and
the unique properties of the epicuticular wax. The aim of this
article is to integrate the relevant features of the lotus leaf, and
to compare them with superhydrophobic leaves of other plant
species in order to illustrate their significance.
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Results and Discussion

The properties of the lotus leaves

The lotus leaf shows an outstanding water repellency particu-
larly on its upper (adaxial) side, which is more robust and less
sensitive to mechanical damage than the under (abaxial) side.
The reasons for these superior properties can be ascribed to the
combination of micro- and nano-structures with optimized
geometry and the unique chemical composition of the epicutic-
ular waxes. These properties are illustrated in the following
sections and compared with those of other superhydrophobic
leaves. (The species are listed in the Experimental section).

Minimization of the water-to-leaf contact area: The
epidermis cells of the upper leaf side form papillae of varying
height and with a unique shape. The diameter of the papillae is
much smaller than that of the epidermis cells and each papilla
apex is not spherical but forms an ogive (Figure 2).

The whole surface is covered with short wax tubules which
often accumulate in clusters. In comparison with other papil-
lose plant surfaces, lotus has the highest density of papillae, but
the lotus papillae have much smaller diameters which reduces
the contact area with water drops; strictly speaking, the area of
heterogeneous contact between surface and water. The contact
area depends on the hydrophobicity of the surface and on the
pressure of the water or on the kinetic energy or velocity of the
striking water drops. At low pressures, caused by resting or
rolling water droplets, the contact area is determined by the
local contact angle of the surface structures. For the surface of a
papilla coated with wax tubules, a superhydrophobic behavior
with a local contact angle of >140° can be assumed. So, the dia-
meter of the contact areas can be estimated from the SEM

Beilstein J. Nanotechnol. 2011, 2, 152-161.

images and the cross sections of the selected samples
(Figure 2).

The minimized contact area is the basic cause for the very low
adhesion of water and, thus, the small roll-off (tilting) angles.
Compared with lotus, the papillae on the leaves of the other
plants (E. myrsinites, C. esculenta, A. macrorrhiza) (Figure 3,
see also Figure 7) have much larger diameters and tip radii, and
are covered with different wax types, wax platelets or wax film,
respectively, which have a lower water repellency than wax
tubules.

Figure 3: SEM images of the papillose leaf surfaces of Nelumbo
nucifera (Lotus) (a), Euphorbia myrsinites (b), Colocasia esculenta (c),
and Alocasia macrorrhiza (d). Lotus has the highest density of papillae
with varying heights and the smallest diameter of the papillae. The
papillae of the other species have larger diameters and are covered
with different wax types: wax platelets (E. myrsinites and C. esculenta)
and a wax film (A. macrorrhiza) which covers cuticular foldings.

Figure 2: Epidermis cells of the leaf upper side with papillae. The surface is densely covered with wax tubules. (a) SEM image after freeze drying. (b)
Light microscopy (LM) image of thin section of an embedded sample. Assuming a contact angle of >140°, for example, the area of heterogeneous
contact between single papillae and water (marks) is small in comparison to the epidermis cell area.
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The varying height of the papillae further reduces the adhesion
between water drops and the surface (Figure 4). Small resting or
sliding water drops touch only the highest papillae [12]. At
higher pressures, e.g., at the impact of raindrops, the water
intrudes deeper between the papillae (Figure 4a) and forms a
meniscus at the still superhydrophobic wax tubules coating. The
deformation of the non-wetting droplet surface due to surface
tension causes a repellent force (‘re’, Figure 4). When the water
retracts, either at the receding side of a moving drop or if the
drop is lifted off the surface, the contact areas decrease and the
papillae release their contact to the water one by one (Figure 4b,
Figure 4c¢), so that only few of the papillae are simultaneously
in the adhesive state (‘ad’). Finally, before the drop loses
contact with the leaf, only few of the papillae are still in contact
and cause a small adhesive force. In contrast, artificial superhy-
drophobic samples with pillars of equal height lead to stronger

Water drop

Figure 4: The contact between water and superhydrophobic papillae
at different pressures. At moderate pressures the water intrudes into
the space between the papillae, but an air layer remains between
water and epidermis cells (a). The superhydrophobic surface of the
papillae causes a repellent force (‘re’). When the water recedes, then
the papillae lose contact one after the other (b, c). At a certain water
level, the meniscus is flat and the force is neutral (‘n’). Just prior to the
separation an adhesive force (‘ad’) arises at the almost horizontal area
of the papilla tip, which is small on tips with intact wax crystals and
larger when the wax is damaged or eroded. On artificial superhy-
drophobic structures with equal height (d) the adhesive forces during
water receding occur simultaneously at all contacts.

Beilstein J. Nanotechnol. 2011, 2, 152—-161.

adhesion during drop retraction when all the pillars are simulta-
neously in the adhesive state before the contact breaks
(Figure 4d). The measurement of the adhesive and repellent
forces between a superhydrophobic papilla-model (with ten
times larger tip radius than a lotus papilla) and a water drop is
shown in Figure 5.

Force [uN]

40 b
20 adhesive ®)
— 7

-20 (a) /

_40 |__repellent i

-60

| advancing | receding |

0 20 40 60 Time [s]

Figure 5: Measured forces between a superhydrophobic papilla-model
and a water drop during advancing and receding. The images corres-
ponding to the marks (arrows) in the diagram show the repellent (a)
and adhesive (b) meniscus. (c) Papilla-model tip shown with SEM.

Contact angle measurements are the standard tool for the
determination of hydrophobicity. But the measurement of very
high contact angles is often inaccurate due to difficulties in the
determination of the exact drop shape [16], particularly on
uneven leaf surfaces. For many superhydrophobic plant
surfaces, the contact angles are very close together [7] such that
the inaccuracies are larger than the differences between the
samples. This may prevent a meaningful comparison. A more
differentiated comparison of water repellency has been
achieved by the measurement of the adhesion between surface
and water during retraction of a drop [13], similar to the
measurement shown in Figure 5. Table 1 shows, in addition to
other relevant properties, the maximal adhesion forces of water
drops on fresh lotus leaves and leaves of other species with

intact wax. The adhesion forces are strongly dependent on
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Table 1: Comparison of water repellency relevant properties of lotus and other selected species.

Nelumbo nucifera Colocasia Euphorbia Alocasia Brassica
(Lotus) esculenta myrsinites macrorrhiza oleracea
(upper side) (upper side) (upper side) (lower side) (upper side)
papillae density (per mm2) [9] 3431 2662 1265 2002 0
contact angle (static) [7] 163° 165° 162° 157° 161°
drop adhesion force (UN)2 8-18 28-55 30-58 90-127 7-48
film on cuticular  rodlets and
wax type tubules platelets platelets folds tubules
wax melting point (°C) 90-95 75-78 75-76 n.ab 65-67
. . Y 1. b Cog-ketones,
main components [11] Cyg-diols Cyg-1-0l Cye-1-0l n.a. Coo-alkanes

aprovided by D. Mohr, Nees Institute, Bonn; Pthe wax film of A. macrorrhiza has not been isolated and analyzed; no data available.

surface defects which cause pinning of the drops. In contrast,
advancing contact angles depend weakly on such irregularities.
Thus, the adhesion data correlate better with receding contact
angles and hysteresis and indicate the perfection and defects of
superhydrophobic surfaces.

Mechanical protection of the wax crystals by papillae: The
highest water repellency occurs when the water drops touch the
tips of the epicuticular wax crystals only. Thus, the best prop-
erties are found on leaves with an intact coating of wax crystals
on the epidermal cells (Figure 6). The waxes are, however, rela-
tively soft materials so that older leaves often show patches of
eroded or damaged wax (Figure 7), which cause an increased
adhesion of water. Neinhuis and Barthlott (1997) [7] have
reported that papillae protect the wax crystals between them. On
papillose epidermis cells only the wax on the papillae tips

appears damaged while the wax between the papillae remains
intact (Figure 7a, Figure 7b). Thus, lotus leaves retain their
water repellency up to the end of their lifetime. In contrast, the
non-papillose surfaces of Brassica oleracea and Yucca filamen-
tosa (Figure 7c, Figure 7d) often show larger damaged areas
which cause a stronger pinning of water. The efficiency of the
protective properties can easily be tested by wiping across the
leaf with the finger, which destroys only the wax on the papillae
tips (Figure 8a, Figure 8b), but the leaves remained superhy-
drophobic. In the case of the non-papillose surface of a B. oler-
acea leaf (Figure 8c), the waxes are completely destroyed and
superhydrophobicity is lost; the contact angle decreased from
160° to ca. 130°. On a Y. filamentosa leaf (Figure 8d) with
convex epidermis cells, most of the wax crystals were destroyed
and the contact angle dropped from 150° to ca. 110°.

Figure 6: Papillose and non-papillose leaf surfaces with an intact
coating of wax crystals: (a) Nelumbo nucifera (Lotus); (b) Euphorbia
myrsinites; (c) Brassica oleracea; (d) Yucca filamentosa. Even the
non-papillose leaves are superhydrophobic. The contact angle of B.
oleracea can exceed 160°.

Figure 7: Traces of natural erosion of the waxes on the same leaves
as in Figure 6: (a) Nelumbo nucifera (Lotus); (b) Euphorbia myrsinites;
(c) Brassica oleracea; (d) Yucca filamentosa. On the papillose leaves
(a,b) the eroded areas are limited to the tips of the papillae. On non-
papillose cells, the damaged areas can be much larger (c,d), causing
stronger pinning of water droplets.

156



Figure 8: Test for the stability of the waxes against damaging by
wiping on the same leaves: (a) Nelumbo nucifera (Lotus); (b)
Euphorbia myrsinites; (c) Brassica oleracea; (d) Yucca filamentosa. On
the papillose surfaces only the waxes on the tips of the papillae are
destroyed. The waxes between the papillae are protected and remain
intact. On the non-papillose surfaces, most of the waxes are
destroyed, adhesion of water drops (pinning) is strongly increased, and
the superhydrophobicity is lost.

Figure 9: SEM and LM images of cross sections through the papillae.
Lotus (a,b) and Euphorbia myrsinites (c,d) have almost massive
papillae, those of Alocasia macrorrhiza (e,f) have a relatively thick
outer wall; the epidermal cells of Colocasia esculenta have thin walls
(g,h). The arrow in (b) marks a stoma.

Beilstein J. Nanotechnol. 2011, 2, 152—-161.

The basis for the ability to protect the leaf surface in lotus is the
robustness of its leaf papillae in combination with their high
density. Cross sections (Figure 9) show that they are almost
massive at least in the apical part, in contrast to the fragile
papillose cells found on many flower petals. However, papillae
of other superhydrophobic leaves show various architectures:
Euphorbia myrsinites has completely massive papillae; those of
the lower epidermis of Alocasia macrorrhiza have quite thick
outer walls, whereas the epidermal cells of Colocasia esculenta
have very thin walls with slight thickening at the protrusions.

Properties of the lotus wax

Both the upper side and the lower side of the lotus leaf are
covered with wax tubules. But, as can be seen on the SEM
images (Figure 10a, Figure 10b), the waxes of both sides look
quite different. The wax tubules of the lower side are longer (1
to 2 um) and thicker (ca. 150 nm) and are typical ‘nonacosanol
tubules’ which commonly occur on many plant species [7]. In
contrast, the wax tubules of the upper leaf side are very short
(0.3—1 um) and thin (80—120 nm) but the density is very high.
Figure 10 shows on a clearly arranged area, approximately 200
tubules per 10 pm? on the upper side, but only about 63 tubules
per 10 um? on the lower side of the same leaf. The spacing
between the tubules on the upper side of the lotus leaf is much
smaller than that of other wax crystals such as platelets
(Figure 10c, Figure 10d) and other tubular waxes (Figure 10b,
Figure 10e, Figure 10f). These distances between the
hydrophobic wax crystals determine the pressure (capillary
pressure) which is necessary for an intrusion of a water droplet
between them.

The chemical analyses of the waxes give an explanation for the
different properties. It is known that the epicuticular wax of
lotus contains a high percentage of nonacosanediols [10], but
the older analyses were made from the entire wax of the leaves,
which was obtained as a chloroform extract and also contained
intracuticular lipids. The new analyses of the separately isolated
waxes from both sides (Figure 11) show that the wax of the
upper side contains ca. 65% of various nonacosanediols and
only 22% of nonacosan-10-ol, whereas the wax of the under-
side contains predominantly nonacosan-10-ol (53%) and only
15% of diols, together with 18% of alkanes. The remaining 13%
and 14% could not be identified.

This high content of nonacosanediols provides extraordinary
properties to the upper side wax. The melting point of 90 to
95 °C is very high for normal (aliphatic) waxes and indicates
the influence of hydrogen bonding in the crystal lattice which
increases the stability. A comparison of different aliphatic wax
components with similar chain length shows that the melting
points increase with the occurrence of polar OH-groups. Strong
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Figure 10: Epicuticular wax crystals in an area of 4 x 3 pym2. The
upper side of the lotus leaf (a) has the highest crystal density (number
per area) of wax crystals and the smallest spacings between them.
Lotus upper side (a) ca. 200 tubules per 10 um?; (b) Lotus underside
ca. 63 tubules per 10 um?; (c) Euphorbia myrsinites ca. 50 platelets
per 10 ym?; (d) Yucca filamentosa ca. 17 platelets with over 80 jags
per 10 ym?; (e) Brassica oleracea ca. 22 rodlets and tubules, and (f)
Eucalyptus macrocarpa ca. 50 tubules per 10 um?2. The larger spacing
between the wax crystals of the other surfaces compared to the lotus
upper side is obvious.

hydrogen bonding effects have been measured recently by
Coward (2010) [17] in nonacosanol wax using FTIR spec-
troscopy. The effects on the crystal structure should be even
stronger for the nonacosanediols. Although the secondary alco-
hols (nonacosan-10-ol and nonacosanediols) contain polar
OH-groups in their molecules, the resulting wax tubules are
known to feature strong and relatively stable water repellency,
particularly the diols of the lotus leaf. This seems paradoxical,
but X-ray diffraction analyses (Figure 12) are in accordance
with a layer structure model in which the OH-groups are buried
deep in the layer, while the layer surface consists only of non-
polar methyl groups [11,18]. In contrast, primary alcohols such
as the widespread octacosan-1-ol, which occurs in many
platelet-shaped epicuticular waxes, can present the OH-group
on the surface, e.g., if they are in contact with a polar environ-
ment (water). Holloway (1969) [19] studied the hydrophobicity
and water contact angles of various plant waxes and pure wax
components. He found the highest contact angles for aliphatic
waxes which present only methyl groups on the surface.

According to the layer structure model, the tubules are strongly
curved helically growing layers. While straight long-chained al-
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kane molecules form flat layers and regular platelet crystals,
secondary alcohols and ketones carry lateral oxygen atoms
which inhibit a tight package of the molecules. Thus the
resulting layers have a strong curvature and form tubules with a
circular cross-section (Figure 13). Today, the progress in molec-
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Figure 11: Chemical composition of the separated waxes of the upper
and lower side of the lotus leaf. The upper side wax contains 65% of
various diols and only 22% of nonacosan-10-ol (Cg-10-0l), 13% was
unidentified; the underside wax contains 53% nonacosan-10-ol and
only 15% of various diols. Alkanes (18%) were only found in the under-
side wax and may be an essential part of the underlying wax film.
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Figure 12: X-ray diffraction diagram of upperside lotus wax. The ‘long
spacing’ peaks indicate a layer structure which is common in aliphatic
waxes. The broad ‘short spacing’ peak at 26 = 27° indicates a strong
disorder in the lateral package of the molecules.
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Figure 13: Model of a wax tubule composed of layers of nonacosan-
10-ol and nonacosanediol molecules. The OH-groups (red) occupy
additional space so that the dense package is disturbed and the layer
is forced into a curvature which leads to the formation of a tubule. The
polar OH-groups are hidden in the layer, only the CH3-groups appear
at the surface of the layers and tubules.

ular dynamics simulations enables the calculation of the behav-
iour of nano-structured surfaces in contact with water [20] and
to prove the theories such as those of Wenzel or Cassie and
Baxter. For precise modelling of the behaviour of natural water
repellent surfaces, an exact knowledge of the chemical compos-
ition and molecular structure are essential.

Resistance against environmental stress

The excellent superhydrophobic properties of the upper side of
the lotus leaf are a result of several unique optimizations. The
question then arises whether this development has a certain
reason or whether it is a ‘freak of nature’. On most plants, the
undersides of the leaves show the highest water repellency, or
more precisely, those sides which are equipped with stomata. It
is obvious that the water repellency serves as a protection to
keep the stomata dry [7]. On some species only the cells around
the stomata are covered with wax crystals. This is in accor-
dance with the fact that the lotus leaf is epistomatic; it bears the
stomata on the upper side, which possesses the higher water
repellency. The upper side of a leaf is strongly exposed to envi-
ronmental impacts such as rainfall and deposition of contamina-
tions. Obviously it is a greater challenge to keep the upper side
of a large leaf dry and clean than the underside or the surfaces
of vertically growing leaves (grasses etc.). On most plants, the
upper sides of the leaves bear no stomata and are more robust
than the undersides [21]. Thus the extremely stable and durable
water repellency of the lotus leaf, which persists up to the end
of its lifetime in autumn, seems to be a successful evolutionary
adaptation to the aquatic environment, which led to the placing
of the stomata in the upper epidermis and the development of an

effective protection through specialized epidermal structures.
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For a stable superhydrophobicity — that means the retention of
the Cassie state with only partial contact between surface and
water — an intrusion of water between the surface structures
must be avoided. When the air layer is displaced by water, the
water repellency is lost and the surface becomes wet (Wenzel
state). The pressure which is necessary to press water into the
space between hydrophobic structures depends on the local
contact angle and the size of the spacing. This pressure (capil-
lary pressure) is reciprocal to the size of the spacing and can be
deduced from the Young—Laplace equation. Due to the irreg-
ular spacing, it can be estimated roughly. Water droplets with a
radius <100 nm may be able to intrude between the wax
tubules; this curvature corresponds to a Laplace pressure of
>1.4 MPa (14 bar). Varanasi et al. (2009) [22] calculated the
capillary pressures of hydrophobic test samples with structure
dimensions roughly similar to those of the lotus leaf: The capil-
lary pressure for spacing of 5 pm between hydrophobic pillars
is 12 kPa (120 mbar); a nanoporous structure with 90 nm pore
diameter has a capillary pressure of 1.6 MPa (16 bar). Thus the
capillary pressure of the lotus papillae with spacing of ca.
10 um is sufficient to carry the load of resting or rolling water
drops. But impacting raindrops generate higher pressure pulses
and can intrude into the space between the papillae. The
maximal pressure for a drop impact on a rigid material can be
calculated from the ‘water hammer’ equation: pwy = 0.2 p-cv,
where p is the density of the liquid, ¢ is the speed of sound in
the liquid, and v is the velocity of the droplet. Varanasi et al.
(2009) [22] calculated the ‘water hammer pressure’ of rain-
drops with a velocity of 3 m/s as 0.9 MPa (9 bar). However,
drop impacts on flexible surfaces generate considerably lower
pressures [23]. Due to the small spacing between the wax
tubules of the lotus leaf and their strong hydrophobicity, their
capillary pressure is obviously higher than the impact pressure
of raindrops and sufficient to prevent water intrusion. However,
it is unproven and hypothetical whether the larger spacing in
other waxes causes an intrusion of raindrops. Mechanical
damage to the waxes by the impacting drops is a more likely

cause for degradation.

Biological models serve as an inspiration for the development
of technical superhydrophobic materials [4]. So the question
arises whether the lotus leaf presents an optimal architecture for
superhydrophobicity. In biological surfaces, several different
strategies can be found. The lotus leaf with the largely reduced
contact area seems optimal for low adhesion of contaminants
and water, observable as small roll-off angles. A disadvantage
is the relatively soft wax material, which is too fragile for most
technical applications. A different architecture is found on some
species with hairy leaf surfaces. The water fern (some species
of the genus Salvinia) and Pistia stratioides leaves retain a rela-

tively thick air layer between hydrophobic hairs when sub-
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mersed in water [24]. This provides sufficient buoyancy to
avoid long-term submerging. Although superhydrophobic
leaves retain an air layer when they are submersed, they are not
designed for continuously living under water. All permanently
submersed plant surfaces are hydrophilic without hydrophobic
waxes [25]. Superhydrophobic surfaces which feature perma-
nent air retention under water are found on animals (some birds,
spiders and insects). An outstanding air-retention capability is
found, for example, for the aquatic insect Notonecta glauca
(‘backswimmer’) [26,27]. Here the water repellency is created
by a two-level structure consisting of coarse hairs which can
hold a relatively thick air layer, and extremely fine hairs which
ensure a high capillary pressure. The biopolymers used in these
structures have the advantage of a much higher strength than
waxes. On the other hand, the plant surfaces have the capability
to regenerate damaged or lost waxes.

Conclusion

It is true that lotus exhibits outstanding water repellency on the
upper side of its leaves. The basis of this behaviour is the hier-
archical surface structure. In comparison to other species with a
hierarchical surface structure composed of papillaec and wax
crystals, the lotus leaf shows special optimization of some of its
features. The morphology of the papillae, particularly the small
tip radius, minimizes the contact area to water drops but also the
area where erosion and damaging of the waxes occurs. The
robustness of the papillae ensures protection of the wax crystals
between them. The chemical composition of the epicuticular
wax with the high content of nonacosanediols leads to the
growth of a dense layer of very small wax tubules with a perma-
nently hydrophobic surface. The unique combination of these
properties provides the lotus leaves with unrivaled superhy-
drophobicity and self-cleaning properties as an effective protec-
tion of the delicate epistomatic surface.

Experimental

In addition to the data from the literature, some new examina-
tions provided material for this publication. Plant leaves were
taken from the Botanical Gardens, University of Bonn: Alocasia
macrorrhiza (Elephant ear), Brassica oleracea var. gongylodes
(Kohlrabi), Colocasia esculenta (Taro), Euphorbia myrsinites,

Nelumbo nucifera (Lotus), Yucca filamentosa.

For scanning electron microscopy, a Cambridge Stereoscan
S200 SEM was used. Depending on the sample properties,
different preparation methods were applied: Slowly drying
leaves were examined as fresh-hydrated samples (Euphorbia
myrsinites, Alocasia macrorrhiza, Brassica oleracea, Yucca
filamentosa). The other species were critical-point dried or
freeze dried (Lotus). Air-dried samples were used for high-

magnification imaging of epicuticular waxes. These prepara-
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tion methods are described in detail elsewhere [28]. The
samples for thin sections were prepared following a standard
protocol for transmission electron microscopy preparation [29]:
fixation in glutaraldehyde, dehydration with acetone, embed-
ding in epoxy resin (Agar Low Viscosity Kit, Plano GmbH,
Wetzlar, Germany). Sections of ca. 0.5 pm thickness were
stained with ‘Rapid dye’ (Azur II and Methylene blue) for light

microscopy.

Wax samples for chemical analyses were isolated mechanically
using a ‘cryo-adhesion’-method using triethylene glycol as
preparation liquid [30]. The wax was analysed by gas chroma-
tography (HP 5890 series 11, Avondale, USA) after ‘derivatiza-
tion’ by the reaction with N,O-bis(trimethylsilyl)trifluoroacet-
amide [31]. X-ray powder diffraction diagrams were recorded
with a diffractometer PW 1049/10 (Philips, Eindhoven, The
Netherlands) [6].

Contact angles of water drops on the sample surfaces were
measured with a contact angle measurement system (OCA 30-2,
Dataphysics Instruments GmbH, Filderstadt, Germany) using
drops of 10 uL. The adhesion of water drops on the samples
was measured with a self-developed device by recording
force—distance curves while the drop was attached to and
detached from the surface with constant velocity. Drops of
10 pL with a diameter of 2.5 mm were attached until the contact
area was 0.7 mm in diameter. Then the maximal adhesion
forces during retraction were measured and compared. Low
adhesion forces correlate with strong water repellency. The
robustness of the leaf surface structures was tested by wiping
the leaves with a finger, with a vertical force of 1 N and a
contact area of 2.5 cm?.
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Abstract

Branching in plants is one of the most important assets for developing large arborescent growth forms with complex crowns. While
the form and development of branching in gymnosperms and dicotyledonous trees is widely understood, very little is known about
branching patterns and the structure of branch—stem-junctions in arborescent monocotyledons. For a better and quantitative under-
standing of the functional morphology of branch—stem-junctions in arborescent monocotyledons, we investigated the two species
Dracaena reflexa and Freycinetia insignis. While D. reflexa is able to develop large arborescent forms with conspicuous crowns by
anomalous secondary growth, F. insignis remains relatively small and is only capable of primary growth. Biomechanical investi-
gations were performed by applying vertical loads up to rupture to lateral branches of both species. This allows the analysis of the
fracture mechanics and the determination of the maximal force, stress and strain at rupture as well as the fracture toughness. Func-
tional morphology was correlated with the mechanical behaviour of these plants and compared to data of other dicotyledonous
trees. The high energy absorption found in the rupture process of lateral branches of D. reflexa and F. insignis makes them
promising biological concept generators with a high potential for biomimetic implementation, i.e., for the development of branched
fibre-reinforced technical composites. A wide range of constructional elements with branched (sub-)structures can be optimised by
using solutions inspired by plant ramifications, e.g., in automotive and aerospace engineering, architecture, sports equipment and

prosthetic manufacturing.

Introduction
One of the most conspicuous features of woody plants is their  has always intrigued naturalists and botanists, and therefore,
ability to form branches and canopies. Some of these branches  branching in woody plants has been the subject of scientific

can grow continuously and be as long-lived as the stems. This  studies for centuries. These studies have increased in number
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over the past decades and improved our understanding of the
importance and the form—structure—function-relationship of
branching significantly (e.g., [1-9]). It has become evident that
branching is essential for woody plants, as it allows space to be
occupied and trap solar energy in an efficient way (e.g., [5]).
However, these benefits are coupled with disadvantages such as
increased magnitude and complexity of mechanical loads.
Therefore, structural and mechanical adaptation on different
hierarchical levels can be observed both in main stems as well
as in lateral branches [9-12], and particularly in the region of
branch—stem-junctions [4,6-8]. Due to these optimisations of
form and structure, notch stresses in branch—stem-junctions can
be significantly reduced or even avoided [6-8]. These ramifica-
tions are often highly stiff yet flexible enough to avoid fracture

or tearing apart even under high mechanical loading.

While numerous studies exist on branching in gymnosperms
and dicotyledonous trees, relatively little is known about
branching in monocotyledons. This could be due to the fact that
branching is observed much more frequently in broad leaved
and gymnosperm trees with secondary cambial growth than in
arborescent monocotyledons. Monocotyledons seldom branch,
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normally only after bloom with a terminal inflorescence or
when the apical meristem of the axis is damaged or destroyed
[13]. The ramifications of monocotyledons can vary consider-
ably in shape and number (Figure 1). The angle between the
main stem and the lateral branch can differ considerably among
monocotyledons. Small monocotyledons such as Freycinetia
often show high values for stem—branch angles of up to 90°
(Figures 1G, 2B), which are comparable to the values found in
many gymnosperms and broad leaved trees. Other monocotyle-
dons, such as species of Dracaena or Yucca, can grow much
higher, developing considerable stem dimensions. They develop
large arborescent growth forms often with crowns (Figure 1)
due to their ability to increase stem and branch diameter by
anomalous secondary growth. Thus, additional fibrous bundles
in an often lignified parenchymatous ground tissue are differen-
tiated due to secondary growth processes by a cambium located
in the cortex region [3,14-19]. In these monocotyledons, the
stem—branch angles typically are much lower, about 60°, but
can vary considerably (Figure 1 and Figure 2, see [1]).
However, the degree of the branching angles is to some extent
limited by the inner bauplan of these plants. In contrast to
gymnosperms and dicotyledonous, trees in which the wooden

Figure 1: Arborescent monocotyledons. (A) Dracaena draco, (B) Dracaena yuccaeifolia, (C) Yucca sp., (D) Pandanus sp. © Thomas Speck.
Morphology of monocotyledons analysed. (E) Branched specimen of Dracaena reflexa. Scale bar = 200 mm, (F) Detail of a branched specimen of
Dracaena reflexa. Anomalous secondary growth has led to a thickened zone in the region of branch—stem-junction (arrow). Scale bar = 20 mm, (G)

Branched specimen of Freycinetia insignis. Scale bar = 15 mm.
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tissues are compact and a relatively large amount of secondary
wood from the main stem is in direct connection with the
branches, in arborescent monocotyledons vascular bundles with
fibre caps (both summed up as ‘fibrous bundles’ in this study)
are isolated, i.e., with no or little tangential or radial intercon-
nection, and arranged in a parenchymatous, often lignified
cellular ground tissue [14,17-25] (Figure 2). This makes the
stems flexible, yet decreases their static load-bearing capacity.
It can be speculated that branching angles are limited in large
arborescent monocotyledons so that critical bending moments
leading to fracture are avoided.

Some of the fibrous bundles run from the main stem into the
lateral branches [2]. Apart from that, very little is known about
their anatomy. The arrangement and course of the fibrous
bundles in branch—stem-junctions of arborescent monocotyle-
dons and the functional morphology and mechanics of
branch—stem-junctions have yet not been analysed quantita-
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tively. For our studies we chose two branched arborescent
monocotyledons, Dracaena reflexa and Freycinetia insignis, in
order to answer the following questions:

1. How are the fibrous bundles in the main stem connected
to those in the lateral branch? and what are the structure
and arrangement of the fibrous bundles in the regions of
branch—stem-junctions?

2. What are the biomechanical properties of the
branch—stem-junctions?

3. Does a quantifiable relationship exist between
morphology/anatomy and the biomechanical properties
of the branch—stem-junctions?

4. Are the values of the biomechanical properties (i.e.,
maximal force, fracture toughness as well as stress and
strain) of the branch—stem-junctions in arborescent
monocotyledons comparable to the values found in

dicotyledonous trees?

Figure 2: Branch—stem-junction of Freycinetia insignis and Dracaena reflexa. (A) F. insignis, longitudinal section, arrow 1: distinct border-line between
fibrous bundles in the main stem and in the lateral branch, arrow 2: zone of partly lignified parenchymatous ground tissue without fibrous bundles, (B)
D. reflexa, longitudinal section, arrows 1-5; gradual transition from fibrous bundles in the main stem (arrow 1) to fibrous bundles in the lateral branch
(arrow 5), (C) F. insignis, cross-section, arrow: distinct border-line between fibrous bundles in the main stem and in the lateral branch, (D) D. reflexa,
cross-section, arrow: gradual transition zone showing fibrous bundles in the main stem and fibrous bundles in the lateral branch. Scale bars = 3 mm.
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Results
Morphology

In Dracaena reflexa, the fibrous bundles of the lateral branches
clasp around the main stem resulting in a flange mounted struc-
ture (Figure 2B,D, see Supporting Information File 1). Some of
the largely paraxial fibrous bundles in the main stem are
connected with the predominantly fibrous bundles in the lateral
branches so that there is no distinct separation boundary
between the bundles in the stem and the bundles in the branch
(Figure 2B,D) but rather a gradual transition. The branch
bundles are also paraxial oriented with regard to the lateral
branch resulting in a perpendicular orientation relative to the
main stem (Figure 2B,D, see Supporting Information File 1). In
F. insignis, the fibrous bundles are arranged in a generally
similar pattern that, however, differs in several important
aspects. The fibrous bundles of the lateral branches also clasp
around the stem. However, the fibrous bundles of the lateral
branches are not directly interconnected with the fibrous bundle
system in the median section of the main stem (Figure 2A,C).
Additionally, it is noticeable that there exists a purely parenchy-
matous region between the main stem and the lateral branches

in the region of the branch—stem-junction (Figure 2A).

Biomechanical tests

Three main modes of mechanical failure (Figure 3) were found
in the 31 samples of Dracaena reflexa when the branches were
loaded with over-critical forces: (1) failure in the stem (11
samples, Figure 3A) with delamination between the fibrous
bundles and the parenchymatous ground tissue resulting in
longitudinal splitting of the main stem, (2) sickle-shaped
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detachment of the lateral branch (13 samples, Figure 3B), i.e.,
failure in the region where the branch is connected to the stem,
and (3) failure in the branch (7 samples, Figure 3C). The
different modes of failure are correlated with typical shapes of
the force-displacement-curves (Figure 3D-F).

Two modes of failure occurred in the 19 samples of Freycinetia
insignis: (1) Most often a detachment of the branch resulting in
a flat fracture surface was observed (16 samples), while (2)
failure in the region where the branch is connected to the stem
occurred in three cases only.

Maximal force Fiyax [KN]

The maximal force Fp,x increases with increasing diameter of
the lateral branches (Figure 4, Table 1). This correlation is
statistically significant. It holds true for each mode of failure
and the pooled data of all fracture modes in Dracaena reflexa
(Figure 4A), and for the mode of flat detachment in Freycinetia
insignis (Figure 4B). Due to the small sample size the correla-
tion for the mode of failure in the branch could not be tested
statistically in F. insignis. It is noticeable in D. reflexa that
smaller branches tend to crack in the branch and that less force
is needed than for the other modes of failure (Table 2). In D.
reflexa the maximal force found for the failure mode ‘failure in
the branch’ is significantly smaller than for the other modes of
failure (Table 1). Maximal forces found in branches with diam-
eters ranging from 3.5 to 5.4 mm are significantly lower in D.
reflexa (94.30 = 48.53 N, Table 2) than in branches of F.
insignis with the same diameter range (199.62 + 117.37 N,
Table 2).
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Figure 3: Breaking experiments. Different modes of fracture found in Dracaena reflexa. (A) Fracture in the stem, (B) sickle-shaped detachment, (C)
fracture in the branch; (D, E, F) force-displacement-curves resulting from the experiments carried out in A, B, and C, respectively.
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Figure 4: Bivariate, double logarithmic plot of maximal forces vs diameter of lateral branches (d1 or dp depending on the mode of fracture (see
‘Experimental’ section ) in Dracaena reflexa (A) and Freycinetia insignis (B).

Table 1: Statistical analysis of biomechanical and morphological data of Dracaena reflexa and Freycinetia insignis@.

Maximal force
Fmax [kN]

Fracture
toughness until
Finax [kJm™2]

Fracture
toughness until
failure [kJm™2]

Stress at failure
[MPa]

Strain at failure [/]

Dracaena reflexa

failure

mode

branch

sickle

stem

branch

sickle

stem

branch

sickle

stem

branch

sickle

stem

branch

sickle

stem

Nor-

n mality KwWP

13

11

13

1"

13

11

13

11

13

11

test

Dunn's®
) failure
sickle stem
mode
+ + 1
- 1
1
/ -
/ -
/ -
- + 1

Correlation®

All

Freycinetia insignis

failure
mode

branch

flat

branch

flat

branch

flat

branch

flat

branch

flat

Nor-
n mality
test
3
+
16
\
3
+
16
\
3
+
16
\
3
+
16
\
3
16

Correlationd

failure

mode Al

aNormality test, Kruskal-Wallis test or Dunn’s test with 5% level of significance (+) or below (-). The Pearson product moment test or the Spearman
rank correlation test indicate whether the increase of biomechanical data (e.g., maximal force Frax) is correlated with an increase (1) or decrease (|)
of the branch diameter or whether there is no statistically significant correlation (-). PThe Kruskal-Wallis test is a non-parametric method for testing

equality of population medians among groups. The Dunn's test was used. 9The parametric Pearson product moment test was used.
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Table 2: Morphological and biomechanical data of Dracaena reflexa and Freycinetia insignis@.

Dracaena reflexa

Freycinetia insignis

(branch diameter 3.52—5.35 mm) (branch diameter 3.52—5.35 mm) Stat.
sign.
failure mean mean failure mean mean differ-
s.d. value s.d.all s.d. value s.d. all ence
mode value all mode value all
branch 6 56.06 37.41 branch 1 89.02 /
Maximal force oo 5 11876 42.65 94.30 4853 flat 11 20967 117.55 199.62 117.37 +b
Frmax [kN]
stem 3 130.02 19.39 \
branch 6 10.41 4.91 branch 1 17.25 /
Fracture
toughness until sickle 5 9.42 3.08 10.53 4.92 flat 11 14.72 9.74 14.93 9.31 b
Frmax [kN]
stem 3 12.62 8.27 \
branch 6 10.74 5.10 branch 1 17.74 /
Fracture
toughness until sickle 5 10.09 3.15 11.01 5.15 flat 11 15.34 10.01 15.54 9.56 -¢
failure [kN]
stem 3 13.08 8.89 \
branch 6 3040 11.38 branch 1 42.95 /
[SJSS]S atfaiure  goge 5 2654 1093 27.86 11.17 flat 11 5076 1477 5011 1426 +°
stem 3 2496 1457 \
branch 6 0.85 0.58 branch 1 0.82 /
Strain at failure [/] sickle 5 0.47 0.33 0.58 0.48 flat 11 0.27 0.11 0.31 0.19 b
stem 3 0.21 0.11 \

aThe significance of the differences in D. reflexa and F. insignis was calculated with the Kruskal-Wallis test or One Way Analysis of Variance with a
5% level of significance (+) or below (-). PData tested with Kruskal-Wallis One Way Analysis of Variance on Ranks. °Data tested with One Way

Analysis of variance.

Fracture toughness until Fray [kJm™2]

The increase of the fracture toughness until Fy,, with
increasing diameter of the lateral branches is statistically
significant only for the pooled data of all fracture modes in D.
reflexa (Figure SA, Table 1). A similar but not statistically
significant trend can also be observed in F. insignis (Figure 5C,
Table 1). No statistically significant difference exists between
the different failure modes in D. reflexa. Fracture toughness
until Fi,,x found in branches with diameters from 3.5 to 5.4 mm
is not significantly different in D. reflexa (10.53 £ 4.92 kJm™2,
Table 2) compared to F. insignis (14.93 £ 9.31 kJm™ 2, Table 2).

Fracture toughness until failure [kJm™2]
The increase of the fracture toughness until failure also
increases statistically significant with increasing diameter of the

lateral branches for the pooled data of all fracture modes in D.

reflexa (Figure 5B, Table 1). A similar but not statistically
significant trend can also be observed in F. insignis (Figure 5D,
Table 1). No statistically significant difference was found
between the different failure modes in D. reflexa. Fracture
toughness until failure found in branches with diameters from
3.5 to 5.4 mm is not significantly different in D. reflexa (11.01
+5.15 kJm™2, Table 2) compared to F. insignis (15.54 £ 9.56
kJm™2, Table 2).

Stress at failure [MPa]

The data do not show a statistical difference between the
different failure modes in D. reflexa (Figure 6A, Table 1). A
statistically significant trend only exists for the decrease of
stress at failure with increasing diameter in the pooled data of
all fracture modes in D. reflexa (Figure 6A, Table 1). No corre-

lation between stress at failure and diameter of the lateral
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Figure 5: Bivariate, double logarithmic plot of fracture toughness until
maximal force vs diameter of lateral branches (d4 or d, depending on
the mode of fracture (see ‘Experimental’ section) in Dracaena reflexa
(A) and Freycinetia insignis (C). Bivariate, double logarithmic plot of

fracture toughness until failure vs diameter of lateral branches (d4 or da

depending on the mode of fracture (see ‘Experimental’ section) in

Dracaena reflexa (B) and Freycinetia insignis (D).
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Figure 6: Bivariate, double logarithmic plot of stress at failure vs diam-

eter of lateral branches (d1 or dy depending

on the mode of fracture

(see ‘Experimental’ section) in Dracaena reflexa (A) and Freycinetia
insignis (B). Bivariate, double logarithmic plot of strain at failure vs
diameter of lateral branches (d1 or dp depending on the mode of frac-
ture (see ‘Experimental’ section) in Dracaena reflexa (C) and

Freycinetia insignis (D).
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branches could be observed in F. insignis (Figure 6B, Table 1).
In branches with diameters from 3.5 to 5.4 mm stress at failure
is significantly higher in F. insignis (50.11 + 14.26 MPa,
Table 2) than in D. reflexa (27.86 + 11.17 MPa, Table 2).

Strain at failure [ /]

In D. reflexa, strain at failure is significantly higher for the
mode ‘failure in the branch’ than in the mode ‘failure in the
stem’ (Figure 6C, Table 1). The failure mode ‘sickle-shaped
detachment’ does not differ from both other failure modes. The
decrease of strain at failure with increasing branch diameters is
significant for the pooled data of all fracture modes in D.
reflexa (Figure 6C, Table 1). For the mode ‘failure in the
branch’ a significant increase of strain at failure with increasing
diameter was found. No correlation between strain at failure and
diameter of the lateral branches could be observed in F. insignis
(Figure 6D, Table 1). In branches with diameters from 3.5 to
5.4 mm, no significant difference for the strain at failure could
be found between D. reflexa (0.58 £ 0.48, Table 2 and F.
insignis (0.31 = 0.19, Table 2).

Discussion

Morphology and biomechanics

The monocotyledonous mode of branching has important impli-
cations for the morphology and anatomy in Dracaena reflexa
and Freycinetia insignis. It determines the shape of the
branch—stem-junctions, the arrangement and course of the
fibrous bundles in the main stem and in the lateral branches and
their interconnection. The mode of branching again depends on
the apical or distal position of the branching on the stem [2].
Due to this, a certain variability of the attachment modes exists,
which may account for the relatively large scatter of the biome-
chanical data (Figures 4-6). It can be assumed that the ability to
build secondary tissues has a high impact on growth form and
biomechanics. While the attachment modes of D. reflexa and F.
insignis are generally similar in that the lateral branches clasp
around the main stem (Figure 2), the distinct separation (in
some parts by a layer of parenchymatous tissues) of lateral
branches from the main stem found in F. insignis contrasts with
the gradual transition between fibrous bundles secondarily
formed in the main stem and the lateral branches observed in D.
reflexa (Figure 2B,D). Furthermore, due to the missing ability
for anomalous secondary growth, F. insignis is not able to form
secondary tissues [26] including fibrous bundles. Therefore, this
species cannot (or only to a very limited extent) ‘react’ adap-
tively to an increase in loads acting on stem, branch and
branch—stem-junction when the length of the branch increases.
It can therefore be assumed that the branch—stem-junctions in F.
insignis are configured to carry high loads from the very start of
their development, i.e., when these interconnections are formed

by primary establishment growth. This could explain why F.
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insignis is able to carry higher loads in small branches
compared to D. reflexa (Table 2).

Qualitative biomechanics: Failure modes

In D. reflexa, the fibrous bundles that are connected to the
lateral branches clasp around the main stem resulting in a
sickle-shaped structure (Figure 2B,D, see Supporting Informa-
tion File 1). This accounts for the high number of sickle-shaped
failures in which the outer fibrous bundles remain attached to
the lateral branches and are detached from the main stem
(Figure 3B) following the stem clasping arrangement of the
fibrous bundles of the branch (Figure 2B,D, see Supporting
Information File 1). Failure in the branch occurs mainly in rela-
tively young, possibly not fully lignified branches (see below).
Failure in the stem results in longitudinal cracks which very
quickly reach a critical length and lead to failure of the main
stem. This failure mode is the most disadvantageous one for the
plant and can be lethal as the mechanical stability of the stem is
drastically reduced, water and assimilate transport is seriously
disturbed and germs can easily access and infect the large
wound surface of the plant. It remains unclear whether and to
what extent this failure mode may occur due to an experimental
artefact that occurs in spite of clamping the apical cut off part of
the stem circumferentially with a clip collar to avoid longitu-
dinal splitting.

In F. insignis, the fibrous bundles are arranged in a different
pattern with no gradual transition between the fibrous bundles
in the main stem and the fibrous bundles in the lateral branches
as found in D. reflexa. The fibrous bundles in stem and branch
in F. insignis are anatomically strictly separated (Figure 2A,C),
and the detachment modes mirror this arrangement. F. insignis
typically (in 84% of failures) shows a detachment of the fibrous
bundles of the lateral branches from those of the main stem
resulting in a relatively flat fracture surface. In some cases (in
16% of failures) branch—stem-junctions with low diameters of
lateral branches (under 1 mm) fail in the branch. It can be spec-
ulated that these very young branches are not yet fully lignified
and therefore structurally weaker than thicker ones. Very young
stems in F. insignis have fully lignified fibrous bundles but they
lack a somewhat more densely packed zone of lignified fibrous
bundles at the transition between stem and branch, also the
ground tissue appears to be less lignified than the ground tissue
in older axes.

(Semi-)Quantitative biomechanics

One of the most prominent results is that the values for maximal
force and for stress at failure are significantly higher in
Freycinetia insignis than in Dracaena reflexa. In fact all tested
mechanical parameters are higher in F. insignis, even if not

significantly. A possible reason for this may be the lack of
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anomalous secondary growth in F. insignis which is thereby
restricted to develop only comparatively thin main stems and
lateral branches throughout its entire ontogenetic trajectory. It
can be argued that these ‘thin branchings’ in F. insignis with
diameters of lateral branches between 3.52 and 5.35 mm are
fully mature and are able to take up higher loads than branches
in D. reflexa with the same diameter. In contrast to F. insignis,
the same diameters are relatively small for lateral branches of
D. reflexa so that the fibrous bundles may not yet have reached
a fully lignified state. This is indicated by staining experiments
for lignin in which young axes of Dracaena reflexa (3—5 mm)

are less stained than older axes (above 7 mm).

Comparison with data of branchings of dicotyledo-
nous trees

No comparative data for maximal force or fracture toughness
measured with a similar setup could be found for dicotyledo-
nous trees in the literature. However, the maximal forces
measured for branching of D. reflexa and F. insignis are intu-
itively high with a mean value of 199.62 + 117.37 N and
maximum values of up to 0.3 kN for F. insignis in a branch no
thicker than Smm (in larger stems of Dracaena reflexa with a
branch diameter of 20 mm, the maximal force exceeded 10 kN,
data not shown here). Values for fracture toughness can be also
considered to be high as the maximal forces are high and large

displacements are generated before the branches break off.

Values for stress at failure are comparable to values found for
dicotyledonous trees, [4] reported for different species of
willows with an identical experimental setup and comparable
branch diameters between 2 and 6 mm, mean values for stress at
failure ranging from 18 to 57 MPa.

On the other hand, the values for strain at failure are much
higher than the values reported for dicotyledonous trees [4]
found for different species of willows with an identical experi-
mental setup with mean values for the strain at failure that
ranged from 6% to 11%. These values are very much lower than
the 58% strain at failure found in D. reflexa and the 31% strain

at failure found in F. insignis.

Based on the structural data presented, one may hypothesize
that one reason for the high values of strain at failure found in
the two arborescent monocotyledon species is the special stem
architecture with loosely interconnected fibrous bundles in a
rather flexible parenchymatous ground tissue. Insertion of the
fibrous bundles and gradual connection with the ground tissue
as well as the intertwining arrangement of the fibrous bundles
leads to a structure which allows for a high load bearing
capacity combined with high fracture toughness and very high

strains at failure.
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Outlook: biomimetic potential and implemen-

tation

These mechanical properties make the arborescent monocotyle-
dons studied well suited as concept generators for technical
implementations in branched fibre-reinforced compound struc-
tures such as axel-carriers and frames in automotive engi-
neering and aerospace as well as ramified supporting structures
in architecture. The high potential of arborescent monocotyle-
dons is currently being assessed in a joint project whose
members include the Plant Biomechanics Group Freiburg, the
Institute for Textile Technology and Process Engineering Denk-
endorf, the Institute of Lightweight Structures and Polymer
Technology of the TU Dresden as well as the Botanical Garden
of the TU Dresden [27-31]. In this project the hierarchical
organisation of branch—stem-junctions of arborescent mono-
cotyledons and columnar cacti is analysed and different biome-
chanical tests are performed on these plants in order to deter-
mine the mechanical parameters of stems, branches,
branch—stem-junctions and the different constituent tissues in
different directions. This allows for simulation of hierarchical
structure and mechanical behaviour of the biological structures
and thereby to identify the underlying principles of mechanical
optimisation. Some of these principles have already been
quantitatively understood, abstracted and first prototypes have
been produced that already incorporate different structural and

mechanical optimisations (Figure 7).
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Figure 7: Prototype of biomimetically optimised, braided branched
fibre reinforced technical compound structure © ITV Denkendorf.

181



Experimental

Sampling of Dracaena reflexa and
Freycinetia insignis

The biomechanical properties of 127 branch—stem-junctions of
D. reflexa and of 37 branch—stem-junctions of F. insignis were
analysed. Of these, 31 ramifications of D. reflexa and 19 of F.
insignis could be retained for the statistical analysis (Table 1).

The specimens used for this study originated from commercial
garden centres (D. reflexa) and from the Botanic Garden of
Freiburg (F. insignis). These plants were chosen as they show a
relatively high number of branchings and a lignified branching
region with anomalous secondary growth (D. reflexa, Figures
1E,F, 2B,D), or without anomalous secondary growth (F.
insignis, Figures 1G, 2A,C). For the measurements in D. reflexa
two varieties of Dracaena were used: ‘Song of India’ and ‘Song
of Jamaica’. These varieties only differ by the form and colour
patterns of their leaves while morphology, anatomy and the
biomechanical behaviour showed neither apparent nor statisti-
cally significant differences. Consequently, the values of these

two varieties are pooled and presented as ‘D. reflexa’.

Anatomy and morphology
Thin and semi-thin sections for anatomical analysis were
obtained via microtome sectioning and staining with the
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Fuchsin-Chrysoidin-Astrablue staining method according to
Etzold [32] (Figure 2). Additionally, the three-dimensional
arrangement and the course of the fibrous bundles was analysed
by superimposing photographs of serial sections showing the
two-dimensional arrangement of the fibrous bundles one upon
the other in order to obtain a stacked sequence (following a
similar technique as the one described in [33]) that could be

digitized and visualised (see Supporting Information File 1).

Morphometric measurements

Different lengths, diameters, and angles were measured in the
main stems and lateral branches of the selected arborescent
monocotyledons (Figure 8). These measurements were also
carried out in the ‘swollen part” where the lateral branches are
connected to the main axis. This region has developed by
intense ‘anomalous secondary growth’, and it can be assumed
that it is of (high) mechanical importance for the biomechanical
performance of the branch stem-junctions.

Experimental setup

The upper part of the cut off main axis was tightly embraced by
a cable strap (Figure 9). This gripping helps to avoid longitu-
dinal fractures in the main axis that could result as artefacts
from the proximity of the branching region to the point where
the main axis is cut off. A steel cable connected to the testing

a angle just before breakage between the 'un-swollen region’
of the main stem and the 'un-swollen region' of the lateral
branch; the swelling is a consequence of intense
anomalous secondary growth in the region of the
branch-stem-junction

a4 length of the effective lever arm shortly before fracture
(from the 'un-swollen region' of the main stem to the point
where the force F from an Instron testing machine is
applied to the lateral branch)

a, length of the effective lever arm shortly before fracture
(from the 'swollen region' of the main stem to the point
where the force F from an Instron testing machine is
applied to the lateral branch)

dq axial length of the 'swollen region' of the main stem

d, diameter of the 'un-swollen region' the lateral branch

d3 diameter of the 'un-swollen region' of the main stem

F force applied vertically, i.e. parallel to the main stem, by
the testing machine

F it critical force F at fracture of the branch

f  vertical displacement until rupture of the branch at the
point where the force F is applied

/4 distance from the 'un-swollen region' of the main stem to
the point where the force F is applied at the lateral branch

I,  distance from the 'swollen region' of the main stem to the
point where the force F is applied at the lateral branch

Figure 8: Breaking experiments. Schematic drawing of the geometry and parameters used for calculations. The dashed lines show a lateral branch
before bending, the solid lines show a main stem and a lateral branch shortly before fracture.
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machine was placed around the branch (Figure 9). When the
cross-head of the testing machine moves upwards, the steel
cable tears off the lateral branch from the main axis (due to the
upward movement of the cross-head, the branch—stem-junc-
tions were oriented ‘upside-down’ in the testing device, see
Figure 9). The speed of the cross-head was set to 100 mm/min.
The experiments were recorded with a high speed camera at
1000 fps in order to determine the vertical displacement until
rupture of the branch at the point where the force " was applied
(‘f’ in Figure 8). The design of the setup as well as the biome-
chanical calculations were carried out according to the methods
described in detail in [4].

Figure 9: Breaking experiments. A critical force F; is applied to a
branch of Dracaena reflexa by means of a steel cable connected to an
Instron testing device. For technical reasons (direction of movement of
the cross-head) the branch—stem-junctions are oriented ‘upside-down’
with regard to the original orientation in the plant.

Biomechanical calculations

Our experiment showed that three distinct modes of failure exist
when tearing off lateral branches in Dracaena reflexa
(Figure 3). When the rupture occurred in the ‘un-swollen
region’ of the lateral branches, the parameters a;, [, and d;
(Figure 8) were used for the calculations. When the
branch—stem-junctions mechanically failed either in the

‘swollen region’ between main stem and lateral branch or in the
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main stem itself, @, /; and d; were used; | and r, are the radius

of the main stem and the lateral branch, respectively, where:

d
i =" and 7, == [m]

2 2

Axial second moment of area (I), assuming a circular cross-
section of main stem and lateral branch which holds true in

good approximation for the investigated species

1= % 4 [m*], » =r| or r, depending on the mode of fracture
Bending moment at fracture (BM)

BM =a-F,,; [Nm]

a is the length of the effective lever arm shortly before fracture;
aj or ap are used depending on the mode of fracture, Fiit is the
critical force at rupture

Stress at rupture (o)

-
6 =BM -— [Nm 2], r = r| or r, depending on the mode of
fracture

Strain at rupture (&)

£=3~sinak2rit~f'r B
/

fis the vertical displacement until rupture of the branch at the
point where the force F'is applied to the lateral branch

[ is the length between the point where the force is applied to
the lateral branch and the position of rupture in the main stem or
the lateral branch, / =/; or /; depending on the mode of fracture

Qyrit is the angle between the lateral branch and main stem at
the moment of rupture

Tensile energy absorption [kJ]

The tensile energy absorption up to the maximal force or up to
the force at fracture was assessed by calculating the integral
under the force-displacement-curve in the force-displacement
diagrams (Figure 10).

Fracture toughness [kJm 2]
Fracture toughness was calculated by dividing the tensile
energy absorption by the cross-sectional area calculated for the

main stem of the lateral branch by using d; or d, depending on
the mode of fracture (see above).
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Figure 10: Breaking experiments. Exemplary force-displacement
diagrams showing maximal force and displacement at maximum force
(A) as well as force at fracture and displacement at fracture (B). The
hatched areas were used for calculating fracture toughness until
maximum force (A) and work of fracture until failure (B).

Statistical calculations

The software Sigmastat (Version 3.1) by Systat Software Inc.
was used. Not all recorded data were normally distributed
(Table 1). Therefore parametric tests (normal distribution) or
non-parametric tests (no normal distribution) were used for
calculating statistical significance of parameter correlation or
difference amongst groups (Table 1).

- The (parametric) ‘One Way Analysis of Variance’ or the (non-
parametric) ‘Kruskal-Wallis One Way Analysis of Variance on
Ranks’ was used:

1. to verify whether the three groups of observed failure
modes (in the branch, sickle-shaped, in the stem) for D.
reflexa were statistically different as to the mechanical
parameters calculated (p < 0,05, Table 1).

2. to analyse whether the biomechanical data for D. reflexa
differed from the data of F. insignis (Table 2). Only
specimens of D. reflexa that were found to be in the
same range of branch diameters as F. insignis (3.5-5.4
mm) were used for this comparison (n = 14 for D.
reflexa, n = 12 for F. insignis; Table 2).

- The Pearson Product moment correlation test was used to

calculate whether there was a statistically significant correla-

tion between tested mechanical parameters (e.g., maximum

force) and the diameter of the branch (Table 1).

Beilstein J. Nanotechnol. 2011, 2, 173-185.

- No statistical significance of differences between the failure
modes in F. insignis could be calculated, as the number of spec-
imens in one failure mode was too low (n = 3, Table 1) in order

to make a reasonable statistical evaluation.

Supporting Information

Supporting Information File 1

Three-dimensional arrangement and course of fibrous
bundles in a branch—stem-junction of Dracaena reflexa.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-21-S1.zip]
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Abstract

Beetles of the genus Melanophila and certain flat bugs of the genus Aradus actually approach forest fires. For the detection of fires
and of hot surfaces the pyrophilous species of both genera have developed infrared (IR) receptors, which have developed from
common hair mechanoreceptors. Thus, this type of insect IR receptor has been termed photomechanic and shows the following two
special features: (i) The formation of a complex cuticular sphere consisting of an outer exocuticular shell as well as of a cavernous
microfluidic core and (ii) the enclosure of the dendritic tip of the mechanosensitive neuron inside the core in a liquid-filled
chamber. Most probably a photomechanic IR sensillum acts as a microfluidic converter of infrared radiation which leads to an
increase in internal pressure inside the sphere, which is measured by a mechanosensitive neuron.

A simple model for this biological IR sensor is a modified Golay sensor in which the gas has been replaced by a liquid. Here, the
absorbed IR radiation results in a pressure increase of the liquid and the deflection of a thin membrane. For the evaluation of this
model analytical formulas are presented, which permits the calculation of the pressure increase in the cavity, the deformation of the
membrane and the time constant of an artificial leak to compensate ambient temperature changes. Some organic liquids with high
thermal expansion coefficients may improve the deflection of the membrane compared to water.
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Introduction

Fire loving (pyrophilous) insects depend on forest fires for their
reproduction. Such insects approach ongoing fires and invade
the burnt area immediately after a fire. For the long-range navi-
gation toward a fire as well as for the short-range orientation on
a freshly burnt area these insects have special sensors for smoke
and infrared (IR) radiation. Whereas the olfactory receptors for
smoke are located on the antennae, the IR receptors are housed
in extra-antennal sensory organs, which can be found on the
thorax or on the abdomen. In the pyrophilous beetle
Melanophila acuminata infrared receptors and their associated
sensory neurons are derived from mechanoreceptors [1]. Unlike
other mechanosensory neurons, IR sensitive neurons directly
send their information to be processed centrally (e.g., by the
brain) rather than locally in their respective ganglia of origin
[2]. It is suggested that smoke-derived odours and IR informa-
tion converge on descending brain neurons which, in turn,

control and direct flight toward the forest fire.

Two genera of jewel beetles (family Buprestidae) can be classi-
fied as pyrophilous: About a dozen species of the genus
Melanophila, which are distributed nearly all over the world
except for Australia, and the “fire-beetle” Merimna atrata,
which is endemic to Australia [3,4]. Despite the fact that
Melanophila and Merimna show almost the same behaviour and
belong to the same family of jewel beetles, their IR receptors

are very different from each other.

On a freshly burnt area, the males of both genera often stay on
the stems of trees close to burning or glowing wood or hot
ashes. As soon as they become aware of a conspecific female,
they try to copulate vigorously. After mating, the females
deposit their eggs under the bark of burnt trees. The main
reason for the pyrophilous behaviour is that the wood-boring
larvae of Melanophila and Merimna can only develop in the
wood of burnt trees [3,5]. As a morphological speciality, both
pyrophilous buprestid genera are equipped with antennal smoke

receptors and thoracic or abdominal IR organs [6-9].

Another pyrophilous beetle can also be found in Australia, i.e.,
the “little ash beetle” Acanthocnemus nigricans (family Acan-
thocnemidae). This inconspicuous beetle is only 4 mm long and
highly attracted by hot ashes: Little is known about its biology.
Similarly, Acanthocnemus also depends on fires for its repro-
duction and is equipped with a pair of sophisticated prothoracic
IR receptors [10,11]. Recently, IR receptors have also been
discovered in a few pyrophilous members of the flat bug genus
Aradus (Heteroptera, Aradidae) [12].
morphology and function, the IR receptors of Aradus bugs are

With respect to

very similar to those described for Melanophila beetles. Fire

detection is obviously an important requirement for the survival
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of all of the pyrophilous insect species noted above. However,
the outbreak of a forest fire is highly unpredictable. Therefore,
pyrophilous beetles and bugs must be able to detect fires from
distances as large as possible. Furthermore, when flying over a
burnt area in search for a place to land, the small insects have to
avoid “hot spots” with dangerous surface temperatures above
about 60 °C.

Melanophila beetles and Aradus bugs are equipped with
sensory structures that allow both the detection of hot fires at
considerable distances as well as being able to locate moder-
ately hot spots close by. These insects feature so-called photo-
mechanic IR receptors, which might serve well as models for
the technical design of un-cooled IR receptors. In the present
paper we focus on the structure and function of the biological
model as well as on the design and theoretical evaluation of a
technical photomechanic IR sensor.

Results
The photomechanic IR receptors in

pyrophilous beetles and bugs

Structure and material properties of photomechanic
IR receptors

Structure and function of photomechanic insect IR sensillae
have been most studied in Melanophila beetles. As a special
behavioural feature, beetles of both sexes approach forest fires
because their brood depends on burnt wood as larval food
[5,13-15]. Therefore, it must be postulated that the sensory
organs, which are used for fire detection, have been subjected to
a strong evolutionary pressure, especially with regard to sensi-
tivity. The individual IR receptors (called sensilla in insects) are
situated in two pit organs, which are located on the third
thoracic segment. Each IR organ houses about 70 IR sensilla,
which are closely packed together at the bottom of the pit [16]
(Figure 1A). In pyrophilous bugs of the genus Aradus, about a
dozen IR sensilla are located on the lateral sides (the so-called
propleurae) of the prothorax (Figure 1B). Here, receptors are
loosely interspersed between the common hair mechanorecep-
tors, which cover the entire outer body surface of the bug [12]
(Figure 1B).

From the outside, a single IR sensillum in Melanophila beetles
and Aradus bugs can be recognized by a hemispherical dome
with a diameter of about 12—15 um. The dome consists of a thin
cuticle, which represents the outer boundary of a spherical
internal cavity. The cavity is almost completely filled with a
tiny cuticular sphere with a diameter of about 10 pm (Figure 2A
and Figure 2B). Based on transmission electron microscopical
observations, it has been observed that the internal sphere

consists of at least two different zones: (i) An outer lamellated
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Figure 1: Infrared receptors in Melanophila beetles (A) and
pyrophilous bug species of the genus Aradus (B). In Melanophila
about 70 dome-shaped IR receptors which are accompanied by
porous wax glands (shown below) are densely packed at the bottom of
a thoracic pit (indicated in red and by the arrow). In Aradus bugs about
a dozen IR receptors (indicated in red and shown below) are inter-
spersed between mechanosensory bristles on the first thoracic
segment (arrow) of the bug.

zone consisting of exocuticle. The lamellated appearance is
caused by many layers of chitin fibres with a periodically
changing orientation, and (ii) an internal microfluidic core.
From below, the sphere is innervated by a single sensory cell.
The outermost tip of the sensory dendrite is anchored in the
fluidic core. All morphological as well as all physiological data
available so far have demonstrated, that this cell is a ciliary
mechanoreceptor [1,12,16].

Local testing of different cuticular regions of the Melanophila
sensillum with a nanoindenter has revealed that the mechanical
properties of the exocuticular shell of the sphere and the meso-
cuticle of the microfluidic core are different: Modulus as well as
hardness of the shell are significantly higher. Interestingly,
modulus and hardness of reference mesocuticle outside the IR
pit organs is much higher than those of the mesocuticle inside
the sphere. This points to a specialization of the material inside
the sphere (Figure 2C, Figure 2D).

Receptor function
Currently, two models of sensillum function can be found in the
literature. However, these models are inconsistent with each

other. (i) More than 12 years ago, a so-called photomechanic
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principle was established [17,18]. The authors proposed that the
biomolecules (i.e., proteins and chitin) in the cuticular sphere
strongly absorb mid-IR radiation. In a way not described in
detail, the resulting thermal expansion of the cuticular sphere is
measured by the mechanoreceptor. (ii) Assuming the presence
of a large air-filled cavity inside the sphere, Evans [19]
proposed in a second model that IR radiation enters this cavity
by a small apical waveguide with a diameter of about 1.5 pm.
Due to the absorption of IR photons at the inner cuticular walls
of the cavity, the enclosed air is heated up and expands. In a
way not further specified the resulting increase in gas pressure
should stimulate the mechanoreceptor.

Our recent findings have clearly demonstrated that the thoracic
infrared (IR) sensilla of the pyrophilous jewel beetle
Melanophila acuminata most likely have evolved from hair
mechanoreceptors (sensilla trichodea) [1]. Hair mechanorecep-
tors, which can be found in any insect, have bristles of different
length. In insects the pressure-sensitive dendrite of a single
mechanosensitive sensory cell innervates the base of the bristle.
As a result, even a slight bending of the bristle stimulates the tip
of the dendrite [20]. Compared to a hair mechanoreceptor, a
photomechanic IR sensillum in Melanophila beetles and Aradus
bugs shows the following special features (Figure 2): (i) The
formation of a complex cuticular sphere instead of a bristle; the
sphere consists of an outer hard exocuticular shell as well as an
inner relatively soft cavernous mesocuticular part forming a
microfluidic core inside the sphere. (ii) The enclosure of the
dendritic tip of the mechanosensitive neuron inside the inner
core in a liquid-filled chamber. Most probably, IR radiation
absorbed by the proteins, the chitin fibres, and the water of the
sensillum heats up the sphere, which immediately causes
thermal expansion especially of the liquid inside the microflu-
idic core. Because the shell of the sphere consists of stiff exocu-
ticle additionally reinforced by many layers of chitin fibres, the
only compliant structure in the sphere is the membrane of the
tip of the mechanosensitive dendrite. Due to the air-filled
tracheal system inside the body of the beetle, most of the cell
body of the mechanosensitive cell is always at ambient pres-
sure. Only the outermost tip of the sensory dendrite of the
mechanosensor (Figure 2) is enclosed inside the sphere. There-
fore, any increase in pressure inside the sphere will cause a
cross compression of the dendritic tip which is compensated by
the cell volume below the sphere. By deflection of the dendritic
membrane in the range of a few nanometers, stretch-activated
ion channels will be opened. A slow pressure compensation
between the inner core of the sphere and the outer environment
most probably is achieved by fine nanocanals which run
through the outer shell of the sphere. Thus, like the integrated
leak in a Golay detector (see below), relatively slow changes of
the ambient temperature can be compensated. Hence, we
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Figure 2: Schematic drawings of single IR receptors of Melanophila (A) and Aradus (B). 1: outer exocuticle; 2: exocuticular shell of the inner sphere;
3: microfluidic core; 4: tip of mechanosensory dendrite. For the Melanophila sensillum a topographical scan made with the tip of the nanoindenter is
also shown on the left. Arrows point to indentations in the exocuticular shell of the sphere ("IR Exo" in C and D) and in the mesocuticle of the core ("IR
Meso" in C and D). (C) and (D): E-modulus and hardness of different regions of the Melanophila sensillum measured by nanoindentation (for details
see “Experimental” section). Twenty indents were made in each region. "Ref. Meso": reference mesocuticle outside of IR receptor.

propose that an IR sensillum acts as a microfluidic converter of
infrared radiation which leads to an increase in internal pres-
sure inside the sphere, which is measured by the mechanosensi-
tive neuron. The principle of transforming IR radiation into a
bioelectrical signal has been termed photomechanic. Most prob-
ably photomechanic IR sensilla have been developed indepen-
dently in beetles and bugs. This provides strong evidence that
mechanoreceptors are promising candidates for the develop-
ment of IR sensors. Because the products of the evolutionary
process are very similar in Melanophila beetles and Aradus
bugs [12], it can be proposed that a photomechanic IR sensillum
represents an optimized biological sensory system for mid IR
radiation.

Model for the IR receptor

Golay sensor

After the clarification of the function of the biological IR sensor
of the beetle we now analyze its principle mathematically to be
able to design a technical sensor. For this purpose we investi-
gated the pneumatic Golay sensor [21] as a simple model, see
Figure 3. This sensor consists of an internal gas-filled cavity,
which is closed on one side by a window and on the other side
by a thin membrane. IR radiation enters through the window

and heats up the gas by absorption. The deflection of the

membrane caused by the expanding gas can be read by an
optical system [21], a capacitive detector [22], or a tunneling
displacement transducer [23]. To enhance the IR absorption in
the gas, the cavity is equipped with an additional absorber.

Reflecting walls of the cavity are another means to enhance the

gas-filled cavity

IR window membrane housing

/

IR absorber optical read-out
system

compensation leak

Figure 3: Principle of a gas-filled Golay sensor with optical read-out.
For explanations see text.
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absorption. The temperature changes of the gas caused by the
absorbed IR radiation are in the range of mK. Because of slow
variations of the ambient temperature in the range of a few K, it
is absolutely necessary to integrate a leak, which compensates
this influence due to an exchange of the gas with a reference

volume.

Sensor model of the IR receptor

The model of the sensor, which we want to analyze, is shown in
Figure 4. Similar to the sensillum, the sensor contains an
internal water-filled cavity. A major difference between the bio-
logical sensillum and the Golay sensor is the internal medium, a
gas in the traditional Golay sensor, and a fluid in the sensillum.
The cavity of the technical sensor is etched into a silicon wafer
and is closed on the one side by a window (Suprasil, [24]) and
on the other side by a thin silicon membrane. The IR radiation
being absorbed produces a change in pressure or volume due to
the change of the state of the water. The deflection of the
membrane caused by this pressure increase can be read out by,
e.g., a capacitive detector or a tunneling displacement trans-

ducer.

IR IR

W

m——

IR window —

liquid-filled cavity————

deformed membrane —

compensation leak

Figure 4: Comparison of the sensillum (left) with the model of the
sensor (right).

Pressure increase of the cavity and deflec-
tion of the membrane

For calculating the change of the liquid pressure in the cavity
based on the temperature profile, the equation of state must be
solved. Because the pressure in the cavity depends upon two
independent variables, temperature and volume, its total change
is given by

AP =B-AT,, AV 1)

ean
K

with AP: Pressure increase, p = (0P/0T)y: isochoric tension
coefficient, AT jeqn: Mean temperature increase averaged over
the cavity volume, k = —(1/V)-(0V/0P)t: isothermal compres-
sion coefficient, V: volume of the cavity, AV: volume increase.
For water (25 °C, 1 bar), p = 5.68-10° Pa/K and x =
4.5-10710 pa~! [25].
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The increase of the volume AV of the cavity results in a tiny
deflection of the membrane. The deflection y of this membrane
caused by a pressure difference can be calculated as a function
of the radial distance » with the shell theory [26]

_ AP 2 2)\?
=2 (R -1?)
3
E-t
D:—Pz
12-(1-v?)

2

with R: radius of the membrane, D: flexural stiffness of the
membrane, £: Young’s modulus, p: thickness of the membrane,

v: Poisson’s ratio.

Equation 2 is a good approximation for small membrane deflec-
tions, i.€., Ymax/fp < 1. The volume AV can be calculated in rela-
tion to the pressure increase AP by using Equation 2

n-Ré-AP-(l—vz)

AV = 3

16-E-15

The combination of Equation 2 and Equation 3 yields a relation-
ship for AP, which considers the influence of temperature and

volume.
_ [3 ) ATmean
1+Q
H¢
0
AT nean = He
o R (1-v?)

C16-E-tp He

with Hc: height of the cylindrical cavity, A7(z): temperature as
a function of the axial coordinate z of the cavity and time,
ATmean: mean temperature increase averaged over the cavity.

The factor Q characterizes the change of state of the liquid
inside the cavity due to a temperature increase: For Q — 0,
which corresponds to an extremely hard membrane, the change
of state is isochoric with a maximal pressure increase. For
Q — oo, as for an extremely soft membrane, the change of state
is isobaric with maximal volume increase. The transition
between these two cases is at Q = 1. The maximal deflection
Ymax Of the circular membrane can be calculated as a function of

the factor Q by using Equation 2 and Equation 4.
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3-0-Q-AT, 0 - He

_ mean (5)

Ymax = 140

with o = f-k: isobaric thermal expansion coefficient.

Equation 4 and Equation 5 can be also used for a gas-filled
cavity. In this case the isochoric tension coefficient } and the
isothermal compression coefficient x can be calculated from the

ideal gas law

PVe=n-R-T (6)

with n: number of moles of gas in the cavity, R: universal gas

constant.

Equation 6 yields the following expression for the isochoric
tension coefficient B, the isothermal compression coefficient k
and the isobaric thermal expansion coefficient a

oP P
(), -7

K:_l(a_Vj :l (7)
vier), P

1
G—B'K—?

If the change of state is small compared to the initial state 7 =
300 K and Py = 10° Pa, these values result in p = 330 Pa/K, k =
1.0-10°Palanda=3.3- 103K,

The calculation of the mean temperature increase AT e,y in
Equation 4 depends strongly on the boundary conditions. When
an adiabatic cavity is assumed without any heat loss through the
glass window or the cavity wall, the highest possible mean
temperature increase ATpyean results.
Iy-A
AT, =

mean
m- CP

g ®)

with: Ip: IR power density, 4: cross-section surface of the
cavity, m: mass of fluid inside the cavity, cp: heat capacity of
the fluid inside the cavity, #: time.

However, in reality the heat loss cannot be neglected. The heat
loss through the IR window can be calculated for defined
boundary conditions. A high IR absorption coefficient of the
liquid in the cavity causes the absorption of the IR energy
within a very small absorption zone. For water as a liquid with a
very high IR absorption coefficient, a formula for the tempera-
ture profile AT(z) could be derived [27] on the assumption of a
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infinitely thin boundary layer between the glass window and the
water. This allows a numerical solution of the mean tempera-
ture increase in Equation 4 taking into account the heat loss
through the IR window. In the case of water as liquid up to 50%
of the absorbed energy may be lost through the window by heat
conduction [27]. For liquids with lower absorption coefficients
than water, the mean temperature increase must be calculated

numerically by finite element methods.

Gases always have a significant lower absorption coefficient
which requires the application of an additional absorber such as
plastic, aluminium, antimony or lead [21]. When the absorbing
film is directly on the inner surface of the window, the assump-

tion of a boundary layer as in the case of water is valid.

Evaluation of different liquids and gases as

fluids inside the cavity

Water

Figure 5 shows the maximal deflection as a function of the
factor Q according to Equation 5 for an IR power density of
10 W/m?2 (IR window without absorption loss assumed) for a
cavity with a height and a diameter of 0.5 mm filled with water.
These values were taken as a reference. Obviously, the maximal
deflection is achieved for the isobaric case with a very soft
membrane. Due to the very low deflection of less than 1 nm, a
capacitor for the read-out must be extremely sensitive. As an
alternative an optical read-out or the use of a tunneling displace-
ment transducer may be useful.

With regard to Equation 4 and Equation 5, the maximal deflec-
tion of the membrane can be increased by using a liquid with a
high thermal expansion coefficient a and a high mean tempera-
ture increase AT oy due to a low product of heat capacity and
density in a small cavity. Additionally, the IR window and the

1.0 : : ; T
irradation timet=1s
E 0.8 ]
=
g 0.6
£ .0 4
? t=05s
el
© 0.4 J
Q
[T
[}]
T 0.2 t=0.05s t=01s |
N
0.0 . — . . T
0.01 0.1 1 10 100
factor Q [-]

Figure 5: Maximum central deflection ymax Of @ circular membrane as
function of factor Q and irradiation time for a water-filled cavity. IR
power density = 10 W/m2, diameter and height of the cavity = 0.5 mm.
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Table 1: Comparison of material properties of different hydrocarbons, water and CO5 (300 K, 105 Pa). The absorption coefficients aopt Were calcu-

lated in the bandwidth 3-5 pm using data from [28-30].

a[1075 K] kK[10710Pa~"]  p[kg/m3
water 26 45 998
n-pentane 158 25.0 627
toluene 107 9.1 870
CO5, (gas) 330 10° 1.76

A [Wi(m-K)J? Cp [kJ/(kg'K)] aopt [em™]
0.61 418 1140

0.11 2.31 73

0.14 1.72 94
1.64:1072 0.85 —b

aheat conductivity; °For CO, gas an infinitely thin absorption zone is assumed.

cavity material should have a low heat conduction to avoid heat
losses during measurement.

Hydrocarbons

The inner pressure chamber of the sensillum is filled with a
liquid, which consists mostly of water. Regarding the thermal
expansion coefficient, water is not an optimal liquid. Hydrocar-
bons such as n-pentane and toluene, as well as methanol, which
are also used as fluids in thermometers, are more appropriate.
Table 1 shows the material properties of different hydrocarbons

and carbon dioxide in comparison to water.

The thermal expansion coefficients of the hydrocarbons in Ta-
ble 1 are about eight times higher compared to water so that the
deflection of the membrane increases by this factor. The heat
capacity and density of hydrocarbons is about 40-50% lower in
comparison to water, which results in a higher mean tempera-
ture increase AT ean for the same amount of stored energy.

The absorption coefficients in Table 1 were calculated in the
atmospheric mid-wave window between 3—5 pm using data
from [28-30]. Compared to water the absorption coefficients of
hydrocarbons are up to two orders of magnitude lower. For this
reason, the temperature distribution along the cavity axis is
more uniform compared to water.

For the evaluation and comparison of the different liquids
regarding the maximum membrane deflection in Equation 5, the
mean temperature increase A7y,ean has to be calculated. An IR
power density of 10 W/m? at the outer window surface in a
bandwidth of 3—5 um and an irradiation time of 50 ms is used
as a reference. For simplification it is assumed that the IR
power density is independent from the wavelength in this band-
width. Figure 6 shows the decrease of the power density as a
function of the cavity axis coordinate z for different liquids.
Obviously the decrease of the power density in water occurs
only within a thin absorption zone directly behind the window,
whereas in the case of hydrocarbons the entire depth of the
cavity contributes to absorption. The power density profiles in

Figure 6 were used to numerically calculate the temperature

distribution after 50 ms in Figure 7. Due to the thin absorption
zone in water, the maximum temperature appears directly
behind the window resulting in heat conducting losses through
the window. For hydrocarbons, however, the maximum

temperature is shifted deeper into the cavity causing smaller
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Figure 6: IR power density as function of the cavity axis for different
liquids. Suprasil® 300 was used as the material for the window with an
absorption coefficient of 0.16 cm™" [23]. For gas, a thin absorbing film
on the inner glass surface is assumed where all the radiation is
absorbed.

X

E 20 window liquid / gas

")

g

o

B 15 TT~—
3 CO,, gas

- 2

®

[}

g 1.0 n-pentane 1
g

£

T 0.5 toluene -
o water

2 /

o

@ 0.0+

o T T T T T T T T

g -05 -04 -03 -02 -01 00 01 02 03 04 05
2 cavity axis z [mm]

Figure 7: Temperature distribution along the cavity axis 50 ms after
the onset of irradiation for different liquids with an IR power density at
the outer window surface of 10 W/m2, see Figure 6.
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heat losses through the window. Based on the temperature
profiles in Figure 7, the mean temperature increase A7y eqn 1S
calculated in Table 2. Here the advantage of using hydrocar-
bons instead of water is also obvious.

Table 2: Comparison of the mean temperature increase ATean , the
factor Q, and the maximum deflection ynax of the membrane in
different liquids and CO, gas after 50 ms irradiation of 10 W/mZ.

ATmean [MK] Q-] Ymax [nm]
water 0.14 6245 0.04
n-pentane 0.53 1126 1.26
toluene 0.64 3093 1.03
CO; (gas) 1.57 0.281 2.18

The silicon membrane (£ = 166 GPa, v=0.28 [31]) has a diam-
eter of 0.5 mm and a thickness of 1 pm, resulting in a factor Q
of 1000 to 6000 for the different liquids in Table 2. Regarding
Figure 4 this is the isobaric case, and due to the high factor Q a
softer membrane will not result in a larger deflection of the
membrane. With the data of the membrane, the deflection can
be calculated by using Equation 5, see Table 2. A value of only
about 1 nm results for the hydrocarbons. The increase of the
deflection in case of the hydrocarbons by a factor 10 compared
to water as liquid can be explained by an increase of the mean
temperature of about factor 45 and an increase of the expan-
sion coefficient by the factor 5-7. It can be assumed as a first
approximation, that the deflection is proportional to the IR
power density and the irradiation time.

If a pure liquid is used the thermal and optical properties are
coupled, that means a liquid with an optimal product of density
and heat capacity may have a low IR absorption, which makes
this fluid disadvantageous for the application. A decoupling of
thermal and optical properties can be achieved with a matrix of
a good absorber, e.g., a meshwork of plastic or tiny plastic
beads, or a dye immersed in the fluid. The plastic matrix or a
dye absorbs most of the radiation and transfers the absorbed
energy to the fluid, which provides optimal thermal properties
and a large thermal expansion. The choice of the plastic matrix
must ensure a large surface-to-volume ratio and a low product
of density and heat capacity. The decoupling of the thermal and
optical properties permits the determination of an optimal
absorption coefficient approximately for each cavity depth to
absorb the IR energy completely in the cavity without any
unused fluid volume.

Gas
Using gas instead of water in the cavity as in the well known
pneumatic Golay sensors yields different results due to the

different material properties, in particular density p, heat
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capacity ¢p and the coefficients B, k, a in Equation 7. For a
better comparison with the water-filled cavity, it is also
assumed that a thin zone due to a thin absorbing film on the
inner glass surface exists where all the radiation is absorbed and
this energy heats up the gas by heat conduction. The resulting
temperature profile for water and gas 0.5 s after the onset of IR
irradiation is shown in Figure 8 based on the same IR power
density 10 W/m2. Mainly due to the lower product of density
and heat capacity, the temperature increase in the gas is higher;
the mean temperature increase AT ean 18 in the case of water
1.2 mK and 4.8 mK in the case of gas. Using Equation 4, this
causes, e.g., for Q = 1 a pressure difference AP of 350 Pa in the
case of water but only 0.8 Pa in the case of gas (Figure 9).
However, the maximal deflection of the membrane in the case
of gas is 12 nm compared to 0.2 nm in the case of water, see
Figure 10. This surprising fact can be explained by the higher
mean temperature increase and especially by the higher thermal

E 6 fluid

‘@

0 5‘ :
(=]

1 CO, (gas)

1 water N

temperature T-T at ¢
N

0.0 0.1 0.2 0.3 0.4 0.5
cavity axis z [mm]

Figure 8: Temperature distribution along the cavity axis z 0.5 s after
the onset of irradiation for a water-filled and a CO»-filled cavity with an
IR power density at the outer window surface of 10 W/m2. In the case
of gas, a thin IR absorber film is assumed on the inner glass surface
where all the IR energy is absorbed.
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Figure 9: Pressure difference AP of a circular membrane att=0.5s
as a function of factor Q for a water-filled and CO,-filled cavity. IR
power density 10 W/m2, diameter and height of the cavity: 0.5 mm.



expansion coefficient in the case of gas compared to water. The
temperature distribution 50 ms after the onset of IR irradiation
is shown in Figure 10 comparing gas versus water and hydro-
carbons. In this case the maximal deflection of the membrane is
about 2 nm compared to about 1 nm in the case of hydrocar-
bons (Table 2).

fluid
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Figure 10: Maximum central deflection ymax of a circular membrane at
t= 0.5 s as function of factor Q for a water-filled and CO»-filled cavity.
IR power density 10 W/m2, diameter and height of the cavity: 0.5 mm.

Using different gases will not change the result noticeably,
because only the individual gas constant and the heat capacity
are variable. However, using a gas with a low heat conductivity
such as argon or xenon will reduce the radial heat losses in the
cavity wall and yield a higher temperature increase.

Read-out of the membrane deflection

The calculated deformation of the membrane in the case of
water as liquid and the deformation of the tip of the dendrite in
the sensillum have the same magnitude. In mechanoreceptors
such as the sensillum, deformations of the tip of the dendrite of
only 0.1 nm, corresponding to an energy of 10719 J, yield a
receptor potential [32]. As a consequence of the tiny deforma-
tion of the membrane the technical sensor needs a read-out
system that is able to detect deformations in the nm-range, such
as interferometry, tunneling contacts [23], or a capacitive pos-
ition sensor with nanometer resolution [33].

Compensation leak

In the IR receptor of Melanophila acuminata the inner sphere is
enclosed by a thin layer of liquid in an outer compartment.
Therefore the nanocanals in the shell of the sphere allow the
exchange of liquid in and out of the microfluidic core in the
sphere. Thus, any internal pressure change, which may be
caused by the slowly changing ambient temperature, can be
compensated. Golay sensors also use such compensation leaks
for this purpose [21]. Figure 11 shows a simplified model of the
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sensillum with the core connected by nanocanals with the outer
compartment and the geometric design of such a compensation
leak. For the design of a compensation leak a formula will be
derived.

liquid-filled outer
compartment (reservoir)

LR e

nanocanals

pressure core inside
the sensillum (cavity)

Figure 11: Left: model of the pressure core in the sensillum connected
by nanocanals with the outer compartment; right: calculation model for
pressure compensation between the core (cavity, volume V¢, pres-
sure Pc) connected by a canal (length L, radius R|) with a reservoir
(volume VR, pressure PR) and P¢c > PR.

For a liquid as fluid a mass balance between the two volumes of
the cavity and of the reservoir yields a system of two partial
differential equations.

dFe 1
C'7+_ (Fe-RKR)=0
AP ®
R
—+— (B -F)=0
R (Fr —Ic)
with the following abbreviations:
8-Ve-m-L
Ve=— 4
TC'RL
10
YR =— 4 —
TCRL

where 1: dynamic viscosity, L: Length of canal, Ry : Radius of

canal.

For the solution of the differential equations in Equation 9, a

Hagen—Poiseuille flow in the canal is assumed [34,35].

4
7=m~(PC(t)—PR(t)) (n

where (dV}/dt): volumetric flow rate in the canal, Pc(?), Pr(?):
time dependent pressures in the cavity and the reservoir.
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The solution of the differential equations is given by [35]

1
Fe(®) =
1+-C
"R
V. -t
| P(t=0)+-5 B (t=0)+AP(t=0)-e T
R
1
R@)=
1+-C
R
V. _t
A R(t=0)+-5| Po(t=0)-AP(t=0)-¢ © ||(12)
R
with

AP(t =0) = P(t = 0)— Py (¢ = 0)

with #: time, Pc(t = 0), Pr(t = 0): initial pressure in the cavity

and the reservoir at ¢t = 0.

With N similar canals between the cavity and the reservoir, the
time constant t in Equation 12 is reduced by this number

(13)

By assuming only little changes of the liquid density, Ap/p = 0,
Equation 12 and Equation 13 can be used with k = 1/P for a gas.
This assumption is justified when Pc(z = 0) is similar to Pr(t =
0). With V¢ << Iy, i.e., an infinite reservoir, and with gas as the
fluid, the time constant t in Equation 10 is equal to the time
constant described by Chevrier et al. in [22] derived with an
electrical circuit analogy. Three examples of the pressure
release between a cavity V¢ (diameter 0.5 mm, depth 0.5 mm)
connected by two compensation leaks to reservoirs VR with
different size and water as liquid are shown in Figure 12. The
initial pressure difference AP of 100 Pa is, e.g., generated by a
ATean in the cavity of about 1 mK. The time necessary for
pressure compensation is about 0.15 s, when the cavity volume
and the reservoir volume are equal, and is increased up to 0.3 s
when the reservoir volume is 10 times larger than the cavity

volume.
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Figure 12: Pressures in the cavity, Pc, and in the reservoir, PR, as a
function of time for a cavity with a volume V¢ = 0.1 mm? connected by
two compensation leaks to a reservoir volume VR for different values of
VR/Ve, Po: ambient pressure.

The time constant of the compensation leak must be consider-
ably larger than the time constant of the temperature change in
the cavity due to an IR signal in order to minimize the effect of
the compensation leak on the measurement. It is obvious that
the time constant of the compensation leak can be tuned by the
geometry and the number of the canals and the ratio of the
cavity volume and the reservoir volume. Figure 13 shows the
time constants of a compensation leak as function of the radius
of the canal and the fluid in the cavity, water or CO, gas. Espe-
cially due to the higher compressibility of the gas, the time
constant is in this case up to three orders of magnitude higher
than in the case of water. When a time constant of 1 s is
assumed, then in the case of water the compensation canal
needs to have some mm length with a radius smaller than 1 pm.
The use of gas instead of water will result in a simpler manufac-

turing procedure due to the larger radius of the canal.
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Figure 13: Comparison of time constants for a compensation leak of a
cavity filled with water or with CO, gas as a function of the radius of
the canal.
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Conclusion

Just as in the photomechanic insect IR receptors, our technical
model features very small displacements of the membrane in
the sensing device in the range of 1 nm or less. The insects,
however, have the advantage of possessing a very sensitive
mechanoreceptor, the mechanosensitive neuron, which can
detect minute deflections of its membrane. It seems that this
sensitivity of the beetle is difficult to achieve for a technical

sensor.

For our miniaturized technical sensor, an appropriate technical
read-out mechanism with a high resolution of 1 nm may be
necessary. Currently, a sensor with a capacitor as read-out is
near completion in the center of advanced european studies and
research (caesar), Bonn. As an alternative read-out for displace-
ments in the nm-range, tunneling displacement transducers are
under investigation. Several read-out methods will be evaluated,
but it has to be stressed that this search must yield a rugged and
cost-effective design in order to be able to compete with

existing IR sensors.

An obvious method to enhance the displacement of the
membrane is to choose liquids with optimal thermal properties,
e.g., high thermal expansion coefficient and low heat capacity.
Here several liquids permit an improvement. Methanol is a
good candidate compared to n-pentane and toluene because of
easier handling during the filling process of the cavity. The
comparison of a liquid-filled cavity with a gas-filled cavity
suggests that gas causes a larger deflection of the membrane.
However, the final weighing of potential advantages or disad-
vantages of a miniaturized photomechanic IR sensor filled with

a fluid needs further investigation.

Additionally, care has to be taken in selecting appropriate wall
materials with the same low thermal conduction necessary to
preserve the thermal energy inside the cell. Currently silicon is
used due to its well known manufacturing technology for
microsystems. As an alternative micro injection molding of
plastic materials with low heat conductivity is under investi-

gation.

Experimental
Morphological methods used are all based on well established

light and electron microscopical procedures.

Mechanical tests were conducted in a nanomechanical test
system capable of normal loading as well as in situ scanning
probe microscopy (SPM) (TriboScope; Hysitron, Minneapolis,
USA). Indentation tests were performed by using a three-sided
Berkovich diamond tip with a total included angle of 142.3°. A
proper area function was established by indenting in a
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poly(methyl methacrylate) (PMMA) test specimen with known
hardness and modulus. Contact depths range from 250 to
1100 nm. The maximum load during indentation was 1,000 pN
with loading and unloading rates of 100 uN/s, and a 10 s hold
time at peak load to compensate for material creeping and to
make sure that most of the plastic deformation was completed.
It was repeatedly checked to ensure that longer holding times
did not result in differing values. Hardness (H) and reduced
Young’s modulus (£;) both were calculated from the unloading
portions of the load—displacement curves following well estab-
lished procedures.
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Abstract

Several lizard species that live in arid areas have developed special abilities to collect water with their bodies' surfaces and to ingest
the so collected moisture. This is called rain- or moisture-harvesting. The water can originate from air humidity, fog, dew, rain or
even from humid soil. The integument (i.e., the skin plus skin derivatives such as scales) has developed features so that the water
spreads and is soaked into a capillary system in between the reptiles' scales. Within this capillary system the water is transported to
the mouth where it is ingested. We have investigated three different lizard species which have developed the ability for moisture
harvesting independently, viz. the Australian thorny devil (Moloch horridus), the Arabian toadhead agama (Phrynocephalus
arabicus) and the Texas horned lizard (Phrynosoma cornutum). All three lizards have a honeycomb like micro ornamentation on
the outer surface of the scales and a complex capillary system in between the scales. By investigation of individual scales and by
producing and characterising polymer replicas of the reptiles' integuments, we found that the honeycomb like structures render the
surface superhydrophilic, most likely by holding a water film physically stable. Furthermore, the condensation of air humidity is
improved on this surface by about 100% in comparison to unstructured surfaces. This allows the animals to collect moisture with
their entire body surface. The collected water is transported into the capillary system. For Phrynosoma cornutum we found the
interesting effect that, in contrast to the other two investigated species, the water flow in the capillary system is not uniform but
directed to the mouth. Taken together we found that the micro ornamentation yields a superhydrophilic surface, and the semi-
tubular capillaries allow for an efficient passive — and for Phrynosoma directed — transport of water.
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Introduction

Arid environments are characterized by low precipitation and
can therefore only be used as habitats if the vitally necessary
water is accessible to the respective organism. To this end, two
major challenges must be overcome: (1) Water (in its available
form) must be collected, and (2) it must be transported to the
place of ingestion. It is well known that not only insects (e.g.,
the famous Namibian tenebrionid beetles) but also several
deserticolous and savanicolous lizards are able to collect water
with their integument, and this ability has been termed "rain
harvesting" [1,2]. It consists of two elements: A specific behav-
iour combined with special body postures, and a particular
(micro-) morphology of the integument allowing the collection
and transport of water towards the mouth. A translation of the
German term "Feuchtigkeitsernten", i.e., "moisture harvesting",
appears more appropriate to us as it describes the different kinds
of water acquisition more comprehensively. It is important to
note that, for the reptiles concerned, no significant water uptake
is done through the integument itself. Rather, the water is trans-
ported on the integumental surface towards the mouth,
performed by means of particular micro structures. As most of
these lizards are unable to lick water from most parts of their
body, such a water transport mechanism is essential for them.
The stereotypic moisture harvesting behaviour of the Texas
horned lizard Phrynosoma cornutum (Iguanidae: Phrynoso-
matinae) was extensively studied and described by [1].
However, other lizards such as the Australian thorny devil
(Moloch horridus, Agamidae) lack such behavioural traits but
nonetheless perform moisture harvesting in a successful way
[2-5].

As well as Phrynosoma and Moloch [6-8], moisture harvesting
has further been observed in the agamid genera Phryno-
cephalus [9] and Trapelus [10], and also in an arid-adapted
testudinid tortoise, viz. Psammobates tentorius trimeni [11]. As
— apart from the tortoise — the lizard species mentioned above
are not closely related to each other, their ability to harvest
moisture from their terrestrial environment must have evolved
convergently or, in other words, has been "invented" several

times during their evolution.

Generally, the integument (from Latin integere = to cover) is
the organ system that covers the body and protects it from water
loss and/or damage. The integument consists of the skin and its
derivatives such as scales, feathers, hairs and nails and has a
variety of functions: Next to mechanical protection and preven-
tion of water loss from lower tissue layers, it serves also for
temperature regulation and as a transmitter for tactile stimuli.
The integument of lizards consists of several layers [12,13]: An
outer beta-keratin layer mostly composed of beta-keratin, an

inner alpha-layer built up from alpha-keratin and a meso layer
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separating the two former layers. The beta-layer is covered by
the so-called "Oberhdutchen" which often exhibits particular
micro structures (microdermatoglyphics). Several lizard species
capable of moisture harvesting exhibit a honeycomb-shaped
micro structure [14]. Next to the honeycomb-micro ornamenta-
tion, a special property of moisture-harvesting lizards is the
existence of micro-channels (or interscalar channels) [4,15]
formed by the partially overlapping (imbricate) scales. These
channels have a narrow opening on their superficial side and
thus form a semi-tubular capillary system over the entire lizard's
body. This capillary system was believed to serve for the trans-
port of water towards the mouth where the active water inges-
tion takes place [4,8].

Apart from the biological relevance, the exact functional
morphology of lizard integumental structures allowing for
moisture harvesting might also be of technical interest wher-
ever efficient collection of small amounts of liquids and/or
passive transport of these liquids is required. To gain a deeper
insight of and understanding for moisture harvesting, we
investigated the micro morphology of the skin of three lizard
species known to perform moisture harvesting, viz. the iguanid
Phrynosoma cornutum, and the two agamids Moloch horridus
and Phrynocephalus arabicus. We further tried to mimic the
properties and effects of the natural integument by manufac-
turing replicas of the surface topography. We found that in fact
this micro ornamentation yields a super-wettable (superhy-
drophilic) surface, and the semi-tubular capillaries allow for an
efficient — and in the case of Phrynonoma cornutum even
directed! — passive transport of water.

Results and Discussion
Macroscopic morphology and wettability of

the lizards' integuments

The three species under investigation were chosen because all
perform moisture harvesting but developed separately in
different arid areas. Phrynosoma cornutum developed in the
deserts and steppe of North America, Moloch horridus is found
in the Australian deserts and Phrynocephalus arabicus inhabits
arid areas in the Near East and the Arabian peninsula. Thus we
hoped that common structures among these species serve for the
common goal of water acquisition.

The macroscopic body shape differs remarkably (Figure 1).
While Phrynocephalus arabicus is an elongated smooth lizard,
the bodies of Phrynosoma cornutum and Moloch horridus are
covered with thorns or spikes, respectively, on their dorsal and
lateral surfaces. The only common feature is a rather broad
body [1]. The macroscopic morphology of the scales differs
dramatically in the three species but also for one species with
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Figure 1: The three lizard species under investigation. (A) Moloch horridus with an array of spikes covering the entire upper side of the body. The
snout—vent length is about 90 mm and the total length is about 140 mm. (B) Phrynosoma cornutum also exhibits thorny appendages. The snout-vent
length is about 95 mm. (C) Phrynocephalus arabicus has a velvet like surface and no apparent protuberations. The snout-vent length is about 80 mm.

respect to the exact location on the body. This is shown for
Phrynosoma cornutum in Figure 2. Clearly the scales can be
regular or irregular, polygonal or almost circular. The average
scale area ranges from below 0.02 mm? to above 2.5 mm?.
Some scales form a spine like caudal (tailwards) end whereas
others have a smooth caudal edge. Also for the other two
species, the size and shape of the scales differ in dependence on

the body location (data not shown).

The common feature of the scales, independent of form or
species, is the wettability. Application of a water droplet onto
the integument leads in all three species to an almost immediate
spreading of the water as shown in Figure 3A—C and in the
supplementary videos (Supporting Information Files 1-3). In
contrast to the integument of lizards that do perform moisture
harvesting, the droplet hardly spreads as shown in Figure 3D for
a specimen of the so called sandfish (Scincus scincus).

Figure 2: Different sizes and morphologies of scales of Phrynosoma cornutum. (A) Dorsal (back) scales along the medial line. (B) The lateral back is
characterised by thorn like scales surrounded by small polygonal scales. (C) In the lateral neck region the thorns are mainly circular and are
surrounded by small circular scales. (D) Ventral scales are diamond shaped and rather regular. (E) The scales on the head exhibit an enormous
variety with respect to the morphology and size. (F) The scales on the chin are regular and almost circular.

206



before contact =50 ms

Beilstein J. Nanotechnol. 2011, 2, 204-214.

500 ms 15s

Scincus

Moloch

)

L . aa

~-

Phrynosoma Phrynocephalus

s.é_.u_‘_.m__..m.__.

Figure 3: Water spreading on the reptiles' surfaces. A droplet of 5 ul was applied through a syringe and brought into contact with the surface by the
use of a micro manipulator. While on the non-moisture harvesting lizard Scincus scincus the droplet hardly changes over time, an almost immediate
spreading of the droplet on the moisture harvesting animals, i.e., Moloch horridus, Phrynocephalus arabicus and Phrynosoma cornutum can be seen.
The images were recorded with a frame rate of 18 frames per second. Even in the first frame after contact, thus at about 50 ms after the droplet
contacts the surface, the droplet is mostly spread and within 2 s the water is completely spread on the surface structure.

Although the velocity of the water spreading varies slightly
throughout the body, we found absolutely no correlation of the
wetting behaviour and any macroscopic geometric parameter of
the scales in the three investigated species (data not shown).
Thus, either material properties or the micro ornamentation of
the scales induce the high wettability.

Contact angle and microscopic morphology

To quantify the wetting properties we attempted to measure the
apparent contact angle. Measuring the apparent contact angle of
the non-moisture harvesting lizards such as S. scincus was
simply performed by using a commercially available contact
angle meter and gave an apparent contact angle of 76 + 5°
(n =7) on the dorsal and 59 £ 7° (n = 7) on the ventral scales,
respectively. Other different non-moisture harvesting lizards
were measured and yielded similar results (data not shown).
However, the measurements on the moisture harvesting species

were more difficult since water spreads out almost immediately.
Thus, the measurements were performed by dipping a large
scale vertically into water. For this purpose, a scale, i.e., the
keratinised Oberhdutchen was removed from a dead Phryno-
soma cornutum from the so called beard-region. There we
found the largest scales of about 2.5 mm?. This scale was
dipped into water and we found asymmetric behaviour of the
liquid (Figure 4A). While on the inner side of the scale a small
meniscus was formed suggesting an apparent contact angle of
about 60° to 70°, as measured by hand from the photo, the
meniscus on the outer side is much higher forming an apparent
contact angle of below 10°, rendering this surface super
hydrophilic.

Interestingly, if the scale was completely dried in a desiccator

containing silica gel before the experiment, the wetting was
much less pronounced (Figure 4B). However, if the scale was
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"

Figure 4: Scale of Phrynosoma cornutum dipped into deionised water. The freshly prepared scale (A) exhibits asymmetric behaviour. While on the
inner side (left) a small meniscus, i.e., a large apparent contact angle of about 60° is formed, the outside of the scale (right) is wetted with an apparent
contact angle of below 10°. If the experiment is repeated with a throughout dried scale (B), the difference of the inside and outside is less pronounced.
After immersion of the scale in the water the scale again behaves like a freshly prepared scale (C). While the inside of this particular scale is
completely flat (not shown), the outer surface exhibits a distinct micro ornamentation (D). Towards the edge (right) of the scale a honeycomb like

structure is visible, while the centre of the scale is hardly structured.

completely immersed once and the experiment repeated, the
same results as with the freshly removed scale could be
obtained repeatedly (Figure 4C). When examined in the scan-
ning electron microscope (SEM), the scale used for the above
described experiment clearly revealed micro ornamentation on
the outer side as previously described in the literature [14],
whereas the inner side shows no micro ornamentation
(Figure 4D). On the outer part, i.e., closer to the edge of the
scale honeycomb like structures are visible on the outer surface.
These structures are a more or less common feature of the
scales of all three investigated species (Figure 5). Measure-

30 pm

ments with the SEM revealed that Moloch horridus exhibits
these structures with a diameter of about 10 um to 20 pm and a
depth of about 5 um in all scales (Figure 5A), while for Phryno-
soma cornutum structures with a diameter of about 15 pm to
25 pm and depth of roughly 5 um are mainly found at the
scales' periphery (Figure 5B). Phrynocephalus arabicus has the
least pronounced honeycomb structure. Here only dimples with
a diameter of about 20 pm to 30 um and a depth of about 1 um
are visible (Figure 5C). The depth was estimated from SEM-
images with a viewing angle of less than 10° to the integument
surface.

50 pum

Figure 5: Micro ornamentation of the scales of the three investigated lizard species. (A) Moloch horridus shows the honeycomb like micro ornamenta-
tion virtually all over all scales. (B) Phrynosoma cornutum shows clear honeycomb like micro structures, but typically mainly at the periphery of the
scales. (C) Phrynocephalus arabicus the only honeycomb like structures appear like dimples. (D) (E) and (F) show the images of A—C with some of

the micro ornamentations marked for better orientation.
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To test further whether these structures are responsible for the
reduced apparent contact angle, we manufactured epoxy resin
replicas of the surfaces of different body parts of the investi-
gated species. The unstructured epoxy resin has a contact angle
of 79°, which is slightly higher than the scale material.
According to electron microscopy, these replicas have a good
resemblance to the surface structure (see Supporting Informa-
tion File 4). As expected, the replicas did not exhibit an impro-
ved wetting behaviour if they were dried before the experiment.
Under these conditions the contact angle is almost identical to
the contact angle of the unstructured resin (data not shown).
However, if a droplet is applied for some time (ranging from
several seconds to about a minute) onto the replica, the water
spreads spontaneously (Figure 6). After this, if the replica is not
dried throughout, the replica stays highly wettable in contrast to
the unstructured resin as exemplified in the supplementary
videos (Supporting Information Files 5-6).

It is generally known that structuring, i.e., increased roughness
of a hydrophilic material results in a decreased contact angle
[16]. Assuming a Wenzel-model [16,17] for the wetting of the
lizard scales however, does not fully predict the observed effect.
Structures with typical sizes significantly below the dimension
of the applied water droplet would result in an apparent contact
angle cos ¢* = r cos @ where ¢ is the contact angle of the
unstructured material and 7 is the ratio of the actual surface and
the apparent surface. In our case the unstructured material
exhibits a contact angle of about 70° and the structured ma-
terial is almost perfectly wettable, i.c., the contact angle is
below 10°. This would require » > 3 which is approximately the

before contact =50 ms
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case for Moloch horridus (r = 3) but not for Phrynosoma
cornutum (r = 2.3) or Phrynocephalus arabicus (r = 1.4) as esti-
mated from the above mentioned dimensions of the honeycomb
structures. So the reduction of the contact angle for these
animals cannot simply be explained by increased roughness
alone. Thus it is tempting to assume the Cassie-model for liquid
impregnating [18] to be valid, i.e., that the honeycombs and
dimples respectively, allow for the formation of a stable thin
water film within a dimple so that even with a contact angle of
about 60—70° as given by the scale's material, an outspread
water-scale-contact is stable. The Cassie-formula for the
apparent contact angle on a composite material is given by cos
@Cassie =y, cos @) + v, cos ¢y. Here the effective contact angle
@Cassie is dependent on the area fraction of component one (y;)
and component two (y,) and the contact angles of material one
(1) and two (@3). If the dimples are filled with water, i.e.,
¢y = 0, the area fraction of water in the dimples is 73% (i.e., the
fraction of pure scale material is 27%) and is sufficient to make
the surface superhydrophilic and explain the described
hysteresis of the contact angle.

Water condensation on the scales

It is debated in the literature whether or not condensation of
water directly on the lizards' bodies plays a major role for mois-
ture harvesting [2,4,5]. Reptiles are cold blooded, i.e., they
adapt their body temperature to the surrounding air with some
delay which is related to the body mass. Thus after a cold night,
the body might be cold enough to allow condensation of water
from warm air in the morning. The temperature difference

between day and night in deserts is normally remarkably high.

500 ms 15s

replica

5 o

backside

Figure 6: Water spreading on epoxy replica of moisture harvesting reptiles. A 5 pl droplet of water was applied to the epoxy replica of the medial back
of the moisture harvesting species Phrynosoma cornutum. Similar to the situation on the native surface (see Figure 3), the water spreads at high
velocity. The epoxy resin is not very wettable as can be seen when a 5 pl droplet is applied to the backside of the replica which exhibits an unstruc-
tured surface. The droplet stays perfectly constant forming a contact angle of about 80°.

209



Together with the typical air humidities, it was found that the
temperature difference should be sufficient for significant con-
densation on a lizard [2]. However, experimental results show
that the amount of condensed water is not sufficient to satisfy
the daily water need of lizards [5,19]. It must be noted here that
these experiments did not fully resemble the natural conditions.

To test the condensation behaviour, we measured the amount of
condensed water on epoxy replica and on non-structured epoxy
surfaces. The replicas were cut to a diameter of exactly 15 mm
so all samples had about the same projected area for conden-
sation. The replicas were thermally equilibrated at 20.5 °C. The
mass was determined by weighing and then the replicas were
put into 80 °C warm moisture saturated air for 15 s. After this
time the mass was immediately determined again. The results
are depicted in Figure 7. Clearly the total amount of water
condensed on the epoxy resin is significantly higher on the
replicas of the moisture harvesting lizards than on the unstruc-
tured resin as tested by an unpaired two-sided t-test. A replica
of the non-moisture harvesting S. scincus hardly shows an im-
proved condensation in comparison to the unstructured resin. If
the resin is simply made rough (average roughness R, = 3 pm)
by means of sand paper, the condensation is improved slightly,
but not significantly. Thus the honeycomb structure increases
the condensation by about 100% on average for the three lizard

- - -
o N S

[e2)

water absorbtion (mg)
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species under investigation. This might be caused by the
increased roughness only, because a rough surface supports
more condensation foci. However, if condensation had taken
place leading to a water film in the honeycombs, the surface
exhibits the above described high wettability which would then
allow for further improved moisture harvesting from other
water sources like rain, fog or dew.

The experiments on the removed scale as well as the conden-
sation behaviour clearly indicate that a minimal moisture level
on the scales is necessary in order to be effective. On the living
animal condensation might further improve the initial wetting of
the scales by the — in fact very small — water loss of the animal
through the integument [5].

Transport in the capillary network

As stated earlier, initial wetting of the scales is necessary but
not sufficient for successful moisture harvesting. The collected
water has to be transported to the mouth of the animals as
licking off the collected water from the integument is hardly
possible due to the animals' anatomy. As shown in the image
sequence in Figure 8 and in the supplementary videos
(Supporting Information Files 7-9) water, when applied onto
the animal, is adsorbed and immediately soaked into a capillary
system which then transports the water passively.

Figure 7: Water condensation on epoxy replicas of structured surfaces. The epoxy replicas were cut into disks with a diameter of 15 mm. These disks
were thermally equilibrated to 20.5 °C and then held for 15 s in water-saturated air at a temperature of 80 °C. The amount of water was determined by
the mass difference of each replica. Clearly structured surfaces allow for more condensation when compared with unstructured ones. Even an unspe-
cific roughness introduced by polishing paper (roughness, R, = 3 um) increased the amount of water, although not significantly (p = 0.070). The
replica of a non-moisture harvesting lizard Scincus scincus exhibits no significant increase of the condensation (p = 0.093). The replicas of the mois-
ture harvesting lizards Moloch horridus (p = 0.032), Phrynocephalus arabicus (p = 0.034) and especially Phrynosoma cornutum (p = 0.007) show a
significantly increased water condensation. Significance was tested by use of a two sided t-test assuming different standard deviations for the

samples.
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Figure 8: Water transport in interscalar capillaries. The behaviour of coloured water on the integument of the three investigated lizards is shown. The
mouth is always located to the right. Note the colouring of the interscalar capillaries, best seen for Phrynocephalus. While the transport is about
symmetrical for Moloch and Phrynocephalus, the velocity of the water transport is highest in direction to the mouth on Phrynosoma.

Most interestingly while Phrynocephalus arabicus and Moloch
horridus clearly show an almost symmetric water flow from the
point of water application, i.e., similar transport velocities
rostral (forward), caudal (backward) and lateral (sidewards),
Phrynosoma cornutum behaves differently. As already clearly
evident from the supplementary videos and as depicted in detail
in Table 1, the water flows with significantly higher velocity
rostral, i.e., to the mouth of the animal.

Because of the highly irregular morphology of Moloch horridus
a detailed analysis of the flow velocity over longer time inter-
vals is time consuming. Thus we compared the flow velocity of
Phrynocephalus arabicus and Phrynosoma cornutum in more
detail. For this a frame-to-frame analysis of videos of water
transport was performed yielding the velocity of the water in
different directions over time. A typical result is depicted in
Figure 9. For Phrynocephalus arabicus the velocity is almost

Table 1: Average water transport velocity@.

average velocity (mm/s)

rostral lateral caudal
P.a. 1.94 +0.91 2.49 +1.01 2.57 £+1.91
P.c. 3.15+0.94 1.84+£0.24 1.61+0.45
M.h. 2.18+0.54 1.80£0.43 2.15+0.35

8The average transport velocity within the first 333 ms after the appli-
cation of 7 pl of coloured water onto the different species, i.e., Phryno-
cephalus arabicus (P.a.), Phrynosoma cornutum (P.c.) and Moloch
horridus (M.h.) is shown. The velocity was measured on different posi-
tions on the body with n = 6 independent measurements for each
condition. The values are rather constant within a species except for
Phrynosoma cornutum (P.c.) where the velocity towards the mouth,
i.e., rostral is significantly higher than for all other directions as deter-
mined by Wilcoxon-tests when applying a significance level of

a=0.05.
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identical in all directions over time (Figure 9A). The monoto-
nous decrease can be modelled theoretically. Generally the
water flow in a capillary system can be described by the Wash-
burn-equation [20]

2y 4 3
Fy+—-cos (¢)-(r" +4er
a[: (SR (9)-( ) )

ot 812 nl

Here / is the distance the fluid penetrates into the capillary tube,
t is time, Pg is the total outer pressure, i.c., the atmospheric
pressure plus the hydrostatic pressure acting on the liquid. vy is
the surface tension, @ is the contact angle of the liquid on the
unstructured capillary material, 7 is the radius of the capillary, n

is the viscosity of the liquid, and ¢ is the coefficient of slip.
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Figure 9: Water transport velocity in the capillary system. Two typical
examples of results of a frame-to-frame analysis of videos showing the
transport of coloured water in the capillaries are shown for Phryno-
cephalus arabicus (A) and Phrynosoma cornutum (B). The velocities
were measured in direction to the mouth (rostral, dark blue squares),
towards the tail (caudal, light blue triangles) and sidewards (lateral,
green diamonds). For Phrynocephalus arabicus (A) no significant
difference can be seen when comparing the velocities in the different
directions. The theoretical behaviour described by the Washburn-
equation (solid black line) fits the data quite well suggesting simple
capillary transport uniformly flowing in all directions. In contrast for
Phrynosoma cornutum the typical result is that the velocity has a highly
oscillating behaviour and, most interestingly, the velocity towards the
mouth is normally higher than tailwards or sideways.

The morphology of the capillaries was determined by micro-
scopic analysis of semi-thin sections from all investigated

species. We found that in between the scales semi-tubular chan-
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nels are located (Supporting Information File 10) and we could

measure the dimensions.

Because the total penetration length / of the liquid is hard to
measure accurately in an irregular capillary system, we
measured the liquid's velocity, i.e., 0//0t in dependence on the
time ¢ by analysing videos on a frame-to-frame basis. For that
the above ordinary differential equation was integrated numeri-
cally. By approximating the capillaries by tubes assuming the
radius to be 30 pm and by introducing the parameters according
to the literature and the above measurements (i.e., Pg = 0 as the
species were almost horizontally, y = 72.5 mN/m, ¢ = 60°,
1n = IlmPa-s) and by least square fitting the unknown coefficient
of slip € to be 0.1, one obtains the theoretical curve depicted as
solid black line in Figure 9A. This curve resembles the
measured values very well, thus normal capillary transport takes
place in Phrynocephalus arabicus. The transport mechanism is
homogeneous and the animal's mouth serves as a water sink.
Thus when the capillary system is filled, water is ingested and
thus sucked through the capillary system from all over the body,
similar to the capillary system in plants where transport takes
place via vessels due to evaporation of the water at the leaves
which serve as a sink.

However, as depicted in Figure 9B the velocity behaviour for
Phrynosoma cornutum differs dramatically and cannot be
described by the above theory when assuming an uniform capil-
lary system. In our microscopic analysis of semi-thin sections
we found that indeed the dimensions of the capillaries' cross
sections vary remarkably from 30 pm to 300 pm. Furthermore
the wall structure shows some morphological details (dimples,
protrusions, folds) which might be responsible for the directed
flow [16] and which will have to be analysed in detail in future
studies.

Conclusion

Taken together we found that the convergently evolved honey-
comb like micro structures on moisture harvesting lizards
render the surface superhydrophilic. The contact angle of the
unstructured material is 60—70° whereas the contact angle for
the structured material is below 10°. This effect could be
mimicked by polymer replicas of the lizards' surfaces clearly
showing that the effect is not a material property but due to the
structure. The structure can be supposed to hold a thin water
film stable rendering the contact energy for further water to be
decreased. The initial moisture necessary for this effect can be
casily obtained by condensation since on the structured surfaces
condensation is improved by about 100%. The collected water
is effectively transported by an interscalar capillary network
towards the mouth of the lizards. The mouth serves as water

sink so that water will be soaked from the whole body's surface
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by capillary forces. In the case of Phrynosoma cornutum, the
capillary effect is enhanced towards the mouth which termi-

nates in a directed water transport.

Experimental

Photographic images of the lizards were taken with a Canon
EOS 350D (Canon Inc., Tokyo, Japan) with either the original
telephoto lens or a 50 mm macro lens. The auto exposure

setting was used without flashlight.

For SEM-imaging, tissue samples (approx. 1 x 3 mm) from
different body regions of alcohol fixed museum specimen
(Zoologisches Forschungsmuseum Alexander Koenig (ZFMK)
in Bonn) of the lizards under investigation were taken. These
samples were fixed overnight in 4% (v/v) glutardialdehyde in
70% ethanol followed by dehydration in an ascending alcohol
series (90%, 60 min; 96%, 60 min; 99.8%, 60 min twice; 100%,
2 days). After washing three times for 20 min with hexamethyl-
disilazane the samples were dried at room temperature for
3 days. The samples were sputter-coated without further treat-
ment with gold and observed using a Stereoscan S604 SEM
(Cambridge Instruments, UK). Images were digitally recorded
with an attached i-scan digitizer (ISS Group Services Ltd.,
Manchester, UK) with an image acquisition time of 50 s.

For determination of water behaviour on the animals' surfaces
two different approaches were used. A commercially available
contact angle meter (DSA-10, Kriiss, Hamburg, Germany) was
used applying droplets of about 5 ul of deionised water and
observing the behaviour with an integrated video camera. Alter-
natively, droplets of 4-7 pul of deionised water containing the
red colourant 0.5% (w/v) Ponceau S Red and the behaviour of
the droplet observed by a Canon camera using the video mode.
The image analysis was performed using the software GIMP
(version 2.6.8) which allows for the automatic recognition of
the red colour and for morphometric measurements.

For production of epoxy, replicas of a negative form was
obtained from the animals using dental moulding paste VPS
Hydro (Henry Schein Inc., Melvolle, USA). As alcohol fixated
specimen from the ZFMK were used, the animals were initially
dried for 30 min. A droplet of about 2 cm diameter was applied
onto the integument and pressed onto the animal by use of a
10 mL petri dish. After hardening, the negative form was
removed carefully from cranial to caudal. The negative form
was filled with epoxy resin (Toolcraft, Conrad Electronic,
Hirschau, Germany). The ratio of resin to hardener was 10:4.
The resin was degassed in a desiccator for 5 min. The quality of
the replicas was checked by SEM.

Beilstein J. Nanotechnol. 2011, 2, 204-214.

For condensation measurements, replicas were cut into discs of
exactly 15 mm diameter. The samples were initially weighed
and equilibrated at room temperature (20.5 °C) before holding
them in a moisture saturated atmosphere at 80 °C. The weight

increase was determined immediately.

For histological analysis of the integument, samples of approxi-
mately 1 x 3 mm size were fixed in 70% ethanol containing 2%
(v/v) glutardialdehyde and 2% (v/v) formaldehyde. The samples
were dehydrated in an ascending alcohol series (3 x 15 min
70%; 15 min, 80%; 15 min, 90%; 15 min 96% and 3 x 30 min,
100%). The samples were put into LR-White resin (London
Resin Company Ltd., Berkshire, London) at 4 °C overnight.
The resin was changed to new LR-White and allowed to poly-
merise at 60 °C for 48 h. The samples were cut into 7 um thick
slices using an OM U3 microtom (Reichert, Wien, Austria)
stained with Methylene Blue and investigated with a standard
optical microscope.

Supporting Information

Supporting Information File 1

Application of a 5 ul droplet of deionised water onto the
venter of Moloch horridus.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S1.mpeg]

Supporting Information File 2

Application of a 5 ul droplet of deionised water onto the
back of Phrynocephalus arabicus.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S2.mpeg]

Supporting Information File 3

Application of a 5 ul droplet of deionised water onto the
back of Phrynosoma cornutum.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S3.mpeg]

Supporting Information File 4

SEM-image of Moloch horridus and the corresponding
epoxy replica. Clearly the general morphology as well as
the honeycomb-like micro ornamentation are well
reproduced.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S4.tif]
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Supporting Information File 5

Application of 5 pul of deionised water onto a epoxy replica
of the back of Phrynosoma cornutum.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S5.mpeg]

Supporting Information File 6

Application of 5 ul deionised water onto the flat back side
of the same replica as used in File 6.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S6.mpeg]

Supporting Information File 7

Application of a 7 ul droplet of coloured deionised water
onto the venter of Moloch horridus.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S7.mpeg]

Supporting Information File 8

Application of a 7 ul droplet of coloured deionised water
onto the back of Phrynocephalus arabicus.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S8.mpeg]

Supporting Information File 9

Application of a 7 ul droplet of coloured deionised water
onto the back of Phrynosoma cornutum.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S9.mpeg]

Supporting Information File 10

Semi-thin histological sections through the integument of
Phrynosoma cornutum. Black: spaces of the capillary
system, due to overlapping scales. Different dimensions
and wall morphologies can be observed.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-24-S10.tif]
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Background: Controlled transport of microdroplets is a topic of interest for various applications. It is well known that liquid
droplets move towards areas of minimum contact angle if placed on a flat solid surface exhibiting a gradient of contact angle. This
effect can be utilised for droplet manipulation. In this contribution we describe how controlled droplet movement can be achieved
by a surface pattern consisting of cones and funnels whose length scales are comparable to the droplet diameter.

Results: The surface energy of a droplet attached to a cone in a symmetry-preserving way can be smaller than the surface energy of
a freely floating droplet. If the value of the contact angle is fixed and lies within a certain interval, then droplets sitting initially on a

cone can gain energy by moving to adjacent cones.

Conclusion: Surfaces covered with cone-shaped protrusions or cavities may be devised for constructing “band-conveyors” for
droplets. In our approach, it is essentially the surface structure which is varied, not the contact angle. It may be speculated that suit-
ably patterned surfaces are also utilised in biological surfaces where a large variety of ornamentations and surface structuring are
often observed.

Introduction

Manipulation of droplets is an issue of great interest in
microfluidics. The underlying motivation is the design of
microdevices that are able to perform various fluidic processes
within dimensions on the micrometer scale [1]. “Lab-on-a-chip”

concepts aim at integrating chemical and biochemical processes

into chip-like designs that enable the user to carry out tasks in
analytical chemistry or bioassay applications [2]. The design of
microfluidic batch processes requires a continuous and
controlled flow and cycling of suspended droplets of reactants

without contamination. Single droplet movement can be
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achieved with different techniques, such as thermal Marangoni
flow, electrowetting and vibration techniques [1]. Specifically
designed surfaces can lead to spontaneous droplet movement,
even uphill [3].

It is well known [1,4-8] that liquid droplets move towards areas
of minimum contact angle if placed on a flat solid exhibiting a
gradient of contact angle. Yang et al. [2] devised a hydrophobic
micropatterned surface with a gradient in density of the
microstructures that lead to droplet movement with maximum
speeds of about 60 mm/s. This effect can be obtained by
varying 1) chemical contact angle, 2) surface texture, or 3) both
parameters.

In this contribution we describe how a controlled droplet move-
ment can be achieved by a surface pattern consisting of cones
and funnels whose length scales are comparable to the droplet
diameter. In our approach, it is essentially the surface structure
which is varied, not the contact angle. The actual movement of
the droplet on the continuously varying solid surface pattern
depends both on the surface pattern and on the contact angle
between droplet and solid. Therefore, it is possible to devise
surface patterns which are able to direct droplets differently,
depending on their chemical nature.

Results

First, we derive the surface formation energy of droplets at-
tached to cone shaped protrusions or cavities. Afterwards, we
discuss the properties of specific surface patterns composed of
cones with varying apex angles.

Properties of droplets attached to cone

shaped protrusions or cavities

Consider a sphere-like droplet of radius R attached to an axially
symmetric, cone shaped protrusion or cavity with apex half-
angle € = 0...180° forming a contact angle 6 = 0...180° (see
Figure 1). We assume that the droplet is attached in a symmetry
preserving way (i.e., the symmetry axes of cone and droplet
coincide). We further assume that the droplet consists of a fluid
(“fluid #1” in what follows) and is surrounded by a second fluid
(“fluid #2” in what follows). One of the fluids must be a liquid,
if both fluids are liquids they should be immiscible.

In order to form a droplet in contact with a solid, a surface for-
mation energy W has to be provided. If we consider only
droplets with constant volume this energy is given by the
expression [9]

W =01,M + 648 + 0654 (Sior —S) + const.

1
2012M + (GSI_GZS)S
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Figure 1: Sphere like droplets of fluid #1 (grey) attached to an axially
symmetric solid cone (the broken line represents the symmetry axis).
0: contact angle, R: droplet radius, s: radius of contact circle (= line
where solid, fluid #1 and fluid #2 are in contact), €: apex half-angle of
protrusion (for 0° < € < 90°, right) or cavity (for 90° < £ < 180°, left).

where S denotes the attachment area between droplet and solid,
M is that part of the droplet surface which is in contact with
fluid #2 and Siy — S is the area where plane and fluid #2 are in
contact.

G = 0y, 051 and o4 denote the surface tensions (or surface
energies) with respect to fluid #1/fluid #2, solid/fluid #1 and
fluid #2/solid interfaces, respectively. The product 6,454t yields
a constant value. Since W is defined only up to an arbitrary
constant, we can ascribe to it the value —0,¢S;,¢ which yields the
second version of Equation 1. This choice is equivalent to
ascribing a vanishing droplet (i.e., M — 0, S — 0) zero surface
energy.

Droplets of constant volume in equilibrium with respect to the

surface tensions pulling at them obey the Young Law
G6cos0= oy, — 0y )
Inserting this relation into Equation 1 we obtain the surface

energy W of a droplet of fixed volume V in equilibrium with

respect to surface tensions:
W =o(M —Scos0) 3)
Expressing the surface segments M and S as well as the contact

circle radius s and the droplet volume / in terms of the quan-

tities R, € and 0, we find from Figure 1

M =2nR?[1-sin(s —0)] 4)
2
P e L Chl)) )
Sine
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s = Rcos(e—0) 6)

_ nR? cos’ (e—0)cosB

sine

V 2-2sin(e—0)— (7)

Since the formulas in Equation 4 through Equation 7 encom-
pass cone shaped protrusions and cavities, we designate them
both in what follows by the common term “cone”.

Inserting Equation 4 and Equation 5 into Equation 3, we obtain
for the surface energy W of an equilibrated droplet

cos’ (e—6)cos6

W (e,0) = onR* {2~ 2sin (s —0) - :
Sme

2 f—
=039V 2—2sin(8—9)—w ®)

sing

cos’ (e—0)cosH

2-2sin(e—0)— ,
sing

1
=W, 3—
float 4

where we have employed equation Equation 7 to replace the
droplet radius R in favour of the (constant) droplet volume V in

the second expression.

Wioat = o367

©

denotes the surface formation energy of a spherical droplet of
volume ¥ which consists of fluid #1 and floats (i.e., without
contact to the solid) within fluid #2.

A closer look at the terms in the braces of expression
Equation 7 reveals that certain (g, 8)-combinations have to be
excluded because they represent (non-physical) negative droplet
volumes. The admissible (g, 0)-ranges (equivalent to droplets

with V> 0) are given by (see also Figure 2):

0 (e) <06 <180° (10)

where (see Equation 11)

€ —arcsin \3/sin2 e(l+cose) +

Oq(e) = 3
€-90°
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The function ®¢(¢) is calculated by setting V' = 0 in Equation 7.
Comparison of Equation 7 and Equation 8 shows the equiva-
lence of the conditions V> 0 and W (g, 6) > 0.

0
7/
O(¢)

0 20 40 60 80

e [°]

100 120 140 160 180

Figure 2: Thin lines: Curves of constant surface formation energy

W (g, 8) of an equilibrated droplet of volume V, according to

Equation 8. Values of W are given as multiples of the surface energy
Whoat Of an unattached spherical droplet (see Equation 9). The lines
represent the values W/Wj ot = 0.00, 0.05, 0.10,...0.95, 1.00, starting
from the lowermost line.

Thick lines: the functions 8 = Op(¢) and 6 = ©4(¢) (defined in

Equation 11 and Equation 13, resp.) envelop the (g, 8)-pairs related to
equilibrated droplets of volume V attached to a cone. The region below
0 = ©p(€) has to be excluded because combinations of apex half-angle
€ and contact angle 6 in this region lead to V < 0. The curve 6 = ©(¢)
indicates droplets with the same surface energy as freely floating
droplets without contact to the solid.

Below, the question will arise whether a freely floating droplet
of surface energy Wy, gains energy if it attaches to a cone
defined by a given (g, 0)-pair or whether this process consumes
energy. The answer is found by equating the expressions in

Equation 8 and Equation 9: Solving for 6, one obtains a curve

O;(e)=0 (12)
with (see Equation 13)
sin® &
—1|if 0°<e<90°
sin? e(l+cose) (1

if 90°<e<180°

217



€+90°

0(e) =
1®) €+ arcsin \3lsin2 g(l—cose) +

3

The curve ©1(¢) = 0 (Figure 2) divides the (g, 8)-plane into two
regions: Cones that are generated by (g, 0)-pairs below it imply
W(e, 0) < Wyjoat, that is, a freely floating droplet of surface
energy Wioat gains surface energy if it chooses to attach to such
a cone. Cones characterised by (g, 0)-pairs above ®(¢) > 0
require for attachment the energy W (g, 0) > Wyjay, 1.€., attach-
ment of a freely floating droplet would consume energy.

If € is held constant, W (g, 0) is a continuous and increasing
function of 6, i.e., 0, > 01 implies W (g, 0,) > W (g, 01). This can
be seen by calculating the slope of Equation 8 with respect to 0
which is positive for €, 6 = 0...180°.

Figure 3 illustrates the behaviour of W (g, 0) if 0 is kept
constant: W (g, 0) exhibits extrema with respect to € whose posi-
tions depend on the value of 6. For 0° < 0 < 90°, the curves W
(g, 8 = const.) show maxima within the range € = 0°...90°, more

precisely

0°<0<90°= maximum at

€ = arctan ! (14
max 2tan 0

whereas the curves with 90° < 0 < 180° have minima within a

range € = 90°...180°, i.e.,

90° < 0 <180° = minimum at

€. —arctan(—_Cose ] (15
i J1+3sin0

Curves with 90° < 0 < 180° have also saddle points at €g,441e =
6 —90°. For ¢ — 90° both protrusions and cavities degenerate to
flat surfaces.

Hypothetical applications
The main results of the previous section are as follows (see also
Figure 2 and Figure 3):

1. The surface energy W (g, 0) of a droplet attached to a cone of
apex half-angle € in a symmetry-preserving way is smaller than

the surface energy Wy, Of a freely floating droplet, provided
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if 0°<e<90°

sin? g (13)

—1|if 90°<e<180°

sin? e(l—cose)

20y 7

1.8

1.6

1.4

1.2

__—150"

1.0

W(S’e)Nvfloat (-]

e[°]

Figure 3: Surface formation energy W (g, 8) of an equilibrated droplet
of volume V. Values of W are given as multiples of the surface energy
Whoat = o3 36rnV2 of a floating spherical droplet of volume V. The
curves are distinguished by the value of the contact angle, namely 6 =
10°, 20°, 30°...170°. Curves related to 0° < 8 < 90° show maxima
which lie all within the range 0° < € < 90°, whereas curves with 90° < 6
< 180° show minima all of which are located within the range 90° < € <
180°.

that the (e, 0)-pair lies between the curves @y(g) = 6 and
®,(¢) = 0 (Figure 2).

2. If the value of the contact angle is fixed and lies within the
interval 0° < 0 < 90°, the surface energies of droplets sitting on
cones whose apex half-angle € are close to the value gp,x given
in Equation 14 are higher than the surface energies of droplets
attached to cones with greater or smaller apex half-angles.

3. If the value of the contact angle is fixed and lies within the
interval 90° <0 < 180°, ¥ (e, 0) exhibits a minimum at € = g,
(Equation 15). Thus, the surface energies of droplets sitting on
cones which are very differently shaped (in terms of apex half-
angle €) are higher than the surface energies of droplets at-
tached to cones whose shape is more similar to €yj,-

The features just discussed permit speculation about

constructing “band-conveyors” for droplets. Such a “band-
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conveyor”, capable of “passing down” droplets from cone to
cone, might be generated by arranging cones with increasing
values of ¢ (but fixed 0) in one- or two-dimensional patterns.
Figure 4 illustrates the basic idea: Upper and lower part of the
figure show the same line-up of cones. The apex half-angle &
increases from left to right. If the fixed contact angle lies within
0° <0 <90° (upper part of Figure 4), the function ¥ (g, 0) has a
maximum at point B (i.e., €nax(0)). Thus, the energy difference
AW = Weoat — W (&, 0) which is required to detach a droplet
from a cone has its minimum at point B. With increasing dis-
tance from B, droplets are increasingly stronger bound to their
substrate, that is, AW increases towards A and D. If the fixed
contact angle lies between 90° < 0 < 180° (lower part of
Figure 4), the minimum of W (g, 0) is located at point C (i.e.,
€min(0)). Hence, AW increases if point C is approached from A
or D.

0°<6<90° {/

90° < 0 < 180°

0° 90°

Figure 4: Line-up of cones. The apex half-angle € increases from left
to right. For 8 = const. and 0° < 8 < 90° (upper part), the surface
energy W (g, 8) has a maximum at point B and for 90° < 8 < 180°
(lower part) a minimum at point C. The arrows indicate directions of
decreasing surface energy. In section B—C they point into the same, in
sections A-B and C-D, however, into opposite directions (drawing:
Birgit Binder, Tlibingen).

If both lyophilic (i.e., 0° < 6 < 90°) and lyophobic droplets (i.e.,
90° < 0 < 180°) reside on the landscape of cones of Figure 4, it
appears that both droplet species experience an increase of AW
from point B towards C. In sections A—B and C-D, however,
the variation of AW points into opposite directions for the two
droplet species.

Perhaps, these findings can be utilised to construct a “band-
conveyor” for droplets. We present two ideas how this might be
achieved:

1. Consider Figure 5. The double line-up of cones similar to a
zip fastener is constructed from the left part of Figure 4. The

apex half-angle € of the cones increases from point A (g = 0°) to
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Figure 5: Double line-up of cones similar to a zip fastener constructed
from the left part of Figure 4. The apex half-angle ¢ of the cones
increases from point A (¢ = 0°) to point B (€ = gmax). Apart from one or
two cones, the droplet does not touch the solid substrate (drawing:
Birgit Binder, Tiibingen).

point B (& = gnax). According to Equation 14, a lyophilic
droplet attached to cone #2 is in a lower state of surface energy
than a droplet at cone #1, but in a higher energetic state than the
droplet at cone #3. If the dimensions of droplet and cones, the
contact angle between them and the temperature of the arrange-
ment are suitably chosen, thermal oscillations of the droplet
around its position of symmetry at cone #2 may bring it in
contact with cone #1 or cone #3. Due to the gradient of W (¢, 0)
with respect to ¢, for a lyophilic droplet it is energetically attrac-
tive to move to cone #3 (towards lower values of ¥ (g, 0)), but
not to cone #1. Thus, lyophilic droplets should finally get to
point A. For lyophobic droplets, a similar reasoning applies,
which starts, however, from Equation 15 instead of
Equation 14. Hence, lyophobic droplets should migrate towards

point B.

2. If the cones are farther apart than in Figure 5 (more like in
Figure 4), the droplets have to detach completely from a cone
before they come in contact with the next one. Similarly as
above, if droplet and cone dimensions, contact angle and
temperature are favourable, the interaction of the droplet with
the thermally agitated particles constituting fluid #2 may
outweigh the binding energy AW = Wyoat — W (g, 0) between
droplet and solid substrate. Since the thermal agitation fluctu-
ates randomly, the transfer of low amounts of energy onto the
droplet occurs more frequently than the transfer of high
amounts of energy, on an average. Consequently, the mean resi-
dence time of a droplet sitting on a cone increases with
increasing binding energy AW. Therefore, lyophilic droplets at-
tached to cones close to point B (see upper part of Figure 4)
leave the cones more often than droplets farther away from B.
Doing so, a droplet may jump — with equal probability — either
to the left or to the right: In case its next attachment is closer to
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B, its residence time is shorter than before, if it moves to a cone
farther away from B, it will remain there longer, on an average.
The overall effect of this is a (net) movement of lyophilic
droplets towards B.

Lyophobic droplets behave similarly, they move also in the
direction of decreasing binding energy AW. This means, in
terms of the lower part of Figure 4, that they move away from

point C, towards points A and D.

Up to now, we have simply assumed that detached droplets
re-attach to the tips of the cones. Of course, this cannot be taken
for granted. One may exclude this eventuality by assembling the
landscape of cones of Figure 4 from two materials with
different contact angles: (a) bulk material with a very high
contact angle (dotted areas in Figure 4), implying a very small
AW, and (b) employing material with smaller contact angle for
the cones (white areas in Figure 4). Alternatively, one might
apply hair- or pillar-like structures which are smaller than the
cones by an order of magnitude or so to the dotted areas in
Figure 4. Droplets coming in contact with these structures
should experience a Cassie state, leading also to very high
effective contact angles [8].

Notice that the mechanisms depicted in Figure 4 and Figure 5
predict droplet migration in opposite directions. Concentrating
on Figure 4, a possible application of the suggested mechanism
arises, for example, from exploiting only parts of Figure 4:
Arranging the landscape of cones in a twodimensional, radial
pattern such that point A is close to the centre and B represents
the outer fringe of a circular disc, lyophilic droplets would
migrate towards the centre whereas lyophobic droplets would
migrate away from it. A reverse migration order should result if
the roles of A and B are interchanged or if point C is chosen as
the centre and point D as the periphery.

Discussion

The specific surface patterning is not only able to initiate a
spontaneous and directed movement of droplets. According to
the actual surface energy, droplets with different chemical
content will move to different directions. This effect thus
enables not only droplet transport but also droplet sorting.
According to the surface pattern, different motion patterns and
behaviour can be achieved. For example, different chemical
reactants can be directed to different “assembly” lines. Also the
speed of the droplets can be controlled.

Surfaces similar to our patterns are not uncommon in nature.
Insects show a wide variety of ornamentations of their cuticle,
their compound eyes and wings [10]. Plant surfaces are also

known to develop a huge variety of patterns on different length
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scales [11]. A prominent example are the leaf wax structures
leading to superhydrophobicity and the Lotus-effect [12].
Larger structures are also common, e.g., trichomes (leaf hairs)
or wart-like structures. Stomata, the micropores for gas
exchange on leaves, are often particularly decorated. The
stomata of Equisetum (horse-tail), for example, show wart-like
protuberances around the central slit, while the stomata of
Gingko are surrounded by cone-shaped structures. It might be
speculated that directed transport of tiny droplets may also be
involved in these cases: Stomata have to be protected from
being covered by a water film, and therefore the development of
water-repellent structures should be beneficial. This applies not
only to large drops, as are delivered by rain precipitation, but
also to droplets in the um-range which are deposited during fog
or mist events. Specifically shaped surface patterns may be able
to repel not only large water drops but also direct microdroplets
according to specific strategies.
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Abstract

The natural composite nacre is characterised by astonishing mechanical properties, although the main constituent is a brittle mineral
shaped as tablets interdispersed by organic layers. To mimic the natural formation process which takes place at ambient conditions
an understanding of the mechanism responsible for a defined microstructure of nacre is necessary. Since proteins are assumed to be
involved in this mechanism, it is advantageous to identify distinct proteins interacting with minerals from the totality of proteins
contained in nacre. Here, we adopted and modified a recently published approach given by Suzuki et al. [1] that gives a hint of
specific protein—mineral interactions. Synthesised aragonite or calcite microcrystals were incubated with a protein mixture extracted
from nacre of Haliotis laevigata. After incubation the mineral phase was dissolved and investigated for attached proteins. The
results give a hint of one protein that seems to bind specifically to aragonite and not to calcite. The presented protocol seems to be
suitable to detect mineral binding proteins quickly and therefore can point to proteins whose mineral binding capabilities should be
investigated further.

Introduction

Biological synthesised materials from various organisms such
as nacreous shells have attracted the attention of many
researchers from different disciplines over a number of years.
Nacre as an integral part of the protective shell of some marine
organisms is characterised by its astonishing mechanical prop-
erties and beautiful iridescence. Although composed only of
brittle calcium carbonate mineral platelets embedded in a

mechanically weak organic layer, nature has created a tough

material. For recent reviews dealing with biomineralisation and

especially nacre consult [2] and [3].

The fracture resistance of the whole shell and especially nacre,
which consists of about 95 wt % of a brittle mineral, is achieved
by a defined microstructure and a complex interaction between
the mineral and the organic constituents. The microstructure of

nacre can be thought of as a brick-and-mortar structure where
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polygonal aragonite platelets with a height of approximately
0.5 um and a lateral extension in the micrometer range repre-
sent the bricks, whilst the organic layers around the platelets act
like a kind of glue. The main toughening mechanisms in nacre
include: Increasing the crack surface by crack deflection at
interfaces, resistance to platelet sliding due to a rough platelet
surface, platelet interlocking mechanisms and reduction of peak
stresses due to crack tip blunting in the organic layer.

The organic layer between the mineral platelets comprises a
chitin core with an attached protein layer. In combination with
solubilised proteins, the organism is capable of producing ara-
gonite platelets of distinct dimensions. Consequently, there
must exist some kind of control mechanism for the crystal poly-
morph, morphology and orientation as well as crystal nucle-
ation induction and prevention of uncontrolled crystallisation.
Since proteins are assumed to play a major role in this mecha-
nism, it would be advantageous to characterise the different
proteins purified from bio-composites by their ability to bind to
different minerals selectively. Such a characterisation assay or
protocol is even useful for the design of peptides mimicking the
biomineralisation process. It would be possible to evaluate the
synthesis results of different peptides in terms of their mineral
or ceramic binding capability.

Turning to proteins purified from nacre from a marine shell or
of a shell forming animal, it would be helpful to determine
which proteins are involved in nacre or shell formation.
Recently, Suzuki and co-workers [1] described an assay to
detect whether a protein binds to aragonite or calcite microcrys-
tals specifically. Here, we wish to report how to modify the
protocol given by Suzuki et al. and apply it to a mixture of
soluble proteins extracted from nacre from Haliotis laevigata.
Briefly, the experimental approach comprises the following
steps: Growth of aragonite or calcite microcrystals with evalua-
tion of the purity of the mineral phase, demineralisation of a
shell from Haliotis laevigata, removal of the proteins from the
chitin core of the remaining organic matrix from the preceding
step, incubation of this protein mixture with aragonite or calcite
microcrystals and finally, determination whether proteins are
attached to the crystals.

Results and Discussion

Light microscopy and scanning electron microscopy (SEM)
images show that aragonite precipitated as needles up to 20 pm
long, and calcite as rhombohedrons (Figure 1) with an edge
length of about 20 pm. The purity of the microcrystal powder
measured by X-ray diffraction (Figure 2) was 97 wt % for
aragonite (the remaining 3 wt % are calcite impurities) and
100 wt % for calcite, with an uncertainty of 1 wt %. Thus, the
protocol used for crystallization produced different polymorphs
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with reasonable purities. Determination of the specific surface
area of aragonite and calcite by evaluation of light microscopy
images and gas adsorption (BET method, see, e.g., [4]) both
showed a roughly ten times larger specific surface area for
aragonite. The actual values were different though, the BET
method giving 4.07 m?/g for argonite and 0.40 m%/g for calcite,
while the geometric estimate from the light microscopy images
was 0.78 m2/g to 1.72 m%/g for aragonite and 0.10 m2/g to
0.19 mz/g for calcite. The values from the light microscopy

Figure 1: Precipitated aragonite needles (left) and calcite rhombohe-
drons (right). Upper: light microscopy images. Lower: scanning elec-
tron microscopy images.
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Figure 2: X-ray diffraction patterns of precipitated aragonite (upper)
and calcite rhombohedrons (lower). Purity is 96—-98 wt % for aragonite
and 99-100 wt % for calcite as evaluated with the BRASS software
suite [6]. Indexing according to data from [7] (aragonite) and [8]
(calcite).
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images were estimated from 20 aragonite microcrystals
assumed to be cylinders, neglecting top and bottom area, and
ten calcite microcrystals assumed to be rhombohedrons with all
twelve edges of equal length. The density for aragonite is
2.95 g/em?3 and 2.71 g/cm? for calcite [5].

Figure 3 shows the result of the protein—crystal binding experi-
ment. The proteins in the shell from Haliotis laevigata that were
insoluble in 6% acetic acid were removed from the chitin core
with an SDS/DTT/Tris buffer as described in the experimental
section. This protein solution contained several proteins or
protein fragments visible in lane P on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in Figure 3.
The protein solution was gel-filtered to remove the SDS and
DTT. The obtained gel-filtered protein solution (lane gfP)
shows the major bands on SDS-PAGE. The gel-filtered protein
solution was incubated with aragonite or calcite microcrystals.
After incubation, the supernatant liquid from the aragonite or
calcite microcrystals was removed and subjected to SDS-PAGE
at two different concentrations (AS, AS* and CS, CS*). The
crystals were washed 3 times with a NaCl/Tris solution. The
washing solution was retained and combined for aragonite
(AW) and calcite (CW), respectively, and also subjected to
SDS-PAGE. The most dominant bands were still observable.
The washed crystals were dissolved in 6% acetic acid. The
proteins that were attached to the aragonite crystals (A) or to the
calcite crystals (C) were obtained by removing the acetic acid
by dialysis.

Lanes A and C show the important difference between ara-
gonite and calcite. In contrast to lane C, there are still proteins
detectable by SDS-PAGE in lane A. This indicates that more
protein was attached to the aragonite microcrystals. Generally,
this could be expected due to the greater specific surface area of
the aragonite microcrystals used compared to the calcite micro-
crystals. Nonetheless a lysozyme control experiment shows that
unspecific binding cannot be the only reason for the larger
amount of protein in lane A (here lane A from Figure 3). This
control experiment shows the influence of the greater specific
surface area of aragonite on the SDS-PAGE results, assuming
unspecific binding of lysozyme to both, aragonite and calcite. A
difference in intensities in lanes A and C from Figure 3 due
only to unspecific binding seems unlikely, since lanes A and C

(Figure 4) show no difference in intensity.

Verification of a specific binding would be most interesting,
because this would be evidence that protein—mineral interaction
guide polymorph selection and morphology of the calcium
carbonate crystals. This would require a competitive assay.
However, there is a suggestion of specific binding of one

protein to aragonite in our results. Looking at the two protein
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Figure 3: SDS-PAGE of proteins after different preparational steps as
follows. M: marker proteins of known size. P, P*: protein solution of
proteins that are insoluble in 6% acetic acid (chitin associated
proteins), at two different concentrations. Orange marked band is less
intensive than the green marked one. gfP: gel filtered protein solution.
AS, CS, AS*, CS*: supernatant of incubated aragonite and calcite
crystals, contains unbound proteins, at two different concentrations.
AW, CW: combined washings of aragonite and calcite. A, C: acetic
acid dissolved crystals after dialysis in sodium citrate buffer. Lane A
now shows higher intensity of the orange marked band relative to
green marked band, which may indicate specific binding of the orange
marked protein to aragonite.

v v
L I* M AS CS AS*CS* AW CW A C

Figure 4: SDS-PAGE of control experiment with lysozyme. M: marker
proteins of known size. L, L*: high concentrated lysozyme solution, at
two different concentrations. AS, CS, AS*, CS*: supernatant of incu-
bated aragonite and calcite crystals, at two different concentrations.
AW, CW: combined washings of aragonite and calcite. A, C: acetic
acid dissolved crystals after dialysis in sodium citrate buffer.
Comparing bands in lanes A and C shows no difference in intensity.
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bands indicated by the orange and green arrows in Figure 3 and
then comparing the relative intensity of these two protein bands
in lane P (entity of chitin associated proteins) and their relative
intensity in lane A (aragonite associated proteins) shows an
increased relative concentration of the one indicated by the
orange arrow in lane A.

To estimate the detection limit for proteins in this experiment,
different quantities of lysozyme were subjected to SDS-PAGE
(data not shown). While for 50 ng lysozyme the band is still
visible, it is not for 5 ng. So for calcite there was less than 50 ng
of each protein on 10 pg crystal powder. In the protein—crystal
binding experiment 15 to 20 pL of protein solution was
subjected to SDS-PAGE per lane. Assuming that the detection
limit for different proteins is the same, we estimate the
minimum protein concentration in the subjected solution for a
visible band to be 2.5 to 3.3 pg/mL.

Conclusion

In this study a protocol given by Suzuki et al. [1] to estimate the
selective mineral binding capabilities of proteins was success-
fully adopted and modified for nacre proteins. Firstly, the
morphology, purity and specific surface area of our synthesised
calcite and aragonite microcrystals was determined. After
confirming the appropriate purity of the crystals, aragonite and
calcite crystals were incubated with proteins that were chemi-
cally removed from the acetic acid insoluble part of nacre. The
supernatant liquid of incubated aragonite and calcite crystals,
washings of these aragonite and calcite samples and the acetic
acid dissolved crystals were subjected to SDS-PAGE
(Figure 3). The washings and the supernatant liquid contained
unbound proteins. Two protein bands appeared to be present in
the dissolved aragonite sample and not in the calcite sample
(within the detection limit of the SDS-PAGE). It seems that the
19 kDa protein favours interactions with aragonite crystal
surfaces compared to the 25 kDa one.

These two protein bands (one at approx. 19 kDa and the other at
about 25 kDa) belong to the protein perlucin [10]. The corres-
ponding fractions of purified protein showing these two bands
on SDS-PAGESs had been subjected to N-terminal amino acid
sequence analysis [11] in several different experiments. They
always turned out to be perlucin. There might be several expla-
nations for the different running behaviour. As perlucin has
glycosylation sites there might be a subspecies of protein mole-
cules which are glycosylated and another one which is not.
There might even be the possibility that a subspecies of perlucin
has saccharide oligomers bound to these sites. In MALDI-MS
(matrix-assisted laser desorption/ionization mass spectroscopy)
of perlucin [10] variable molecular weights of perlucin are

detectable, which can be related to a 10 amino acid repeat at the
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C-terminus being present in various numbers of repeats.
Another explanation might be that perlucin as an extracellular
protein, which is incorporated in a mineral matrix, is not fully
denatured by the usual procedures and therefore would have a
kind of "bulky" running behaviour.

Our investigations might be a hint of specific binding of one
protein to a distinct mineral polymorph. From the BET
measurements and light microscopy image estimations it is
known that the specific surface of the aragonite needles is
approximately tenfold higher than the specific surface of calcite
rhombs. Consequently, the same experimental procedure was
performed with lysozyme as a control. As can be seen in
Figure 4 the lysozyme bands in the dissolved aragonite and
calcite sample respectively, show the same intensity indicating a
non specific binding for the control protein.

We are aware that our modified protocol taken from Suzuki and
co-workers can only give preliminary information about poten-
tial mineral binding proteins. Nonetheless, this fast method
makes it possible to select certain proteins for further investi-
gations. As in the case of perlucin, it is worth regarding this
protein as an important model system for (theoretical) simula-
tions of this interaction on the molecular to atomic scale and
conducting further experiments.

Experimental

As we stated several times above, the detection of interaction
between biomineralising proteins and calcium carbonate micro-
crystals in this study is based on a modified approach from [1].
The main differences between the previously published protocol
and our approach are summarised in the following. In this
study, the microcrystals are freshly synthesised and not
purchased. BET gas adsorption measurements were used to
determine the specific surface area of the different calcium
carbonate polymorphs. This information is important to distin-
guish between unspecific and specific binding of proteins to the
different crystal polymorph surfaces. Protein solutions were
concentrated by vacuum centrifugation instead of ultracentrifu-
gation. A further difference was the composition of the washing
solution for removal of proteins unspecifically attached to
crystal surfaces and other proteins. Here, a slightly basic buffer
solution was used to prevent crystal dissolution during washing.

Preparation of microcrystals

Calcium carbonate microcrystals were obtained by a similar
method as described by Wray and Daniels [9], using CaCl,
instead of Ca(NO3);. Adding 20 mL 1.0 M CaCl, to 200 mL
0.1 M Na,COj5 after pre-heating of both solutions and stirring at
constant temperature results in the precipitation of aragonite,

calcite and vaterite. The aragonite/calcite ratio of the precipi-
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tated polymorphs depends on reaction temperature and diges-
tion time. For aragonite the precipitation reaction was
conducted at 70 °C for 6 min, for calcite at 30 °C for 18 h. After
filtration (Filter Discs (Quant.) Grade: 389, Sartorius Stedim)
and washing with deionised water the microcrystals were dried
at their respective reaction temperature for at least 12 h and
loosened with a glass rod from time to time. The purity of the
microcrystal powder was first checked with a light microscope
(ZEISS Axiovert 135), then analyzed by X-ray diffraction
(X’Pert Pro, PANalytical). The crystal samples were ground
with a mortar and a pestle prior to the X-ray measurement. The
specific surface area of the microcrystals was determined by the
BET gas adsorption method (see, e.g., [4]) with N, as adsorp-
tive at a temperature of 77 K (BELsorp-minill).

Preparation of proteins

Shells of Haliotis laevigata were sand blasted (Sigg Strahl-
mittel, WA 70, with Al,03) to remove the calcite layer. After
2 min in 6% NaClO and thorough washing with deionised
water, the shells were dried overnight at 4 °C and crushed into
pieces smaller than 0.5 cm in diameter. 40 g of one crushed
shell was placed in a dialysis tube (Spectra/Por Dialysis
Membrane) with molecular weight cut-off (MWCO) of 3.5 kDa
and treated with 5 liters of 6% acetic acid, which was replaced
two times over one week to dissolve the mineral components.
The remaining flakes of acetic acid insoluble matrix were
washed with deionised water and then treated for 10 min at
100 °C with 50 mL solution of 6% sodium dodecyl sulfate
(SDS), 10 mM dithiothreitol (DTT), and 10 mM Tris-HCl
(pH 8.0). 2.5 mL of the supernatant liquid (protein solution, P)
was filtered (NALGENE syringe filters with nylon membranes,
pore size: 0.2 um) and divided into 12 parts (first one 1.0 mL,
the others 0.5 mL) with a PD-10 gel column (Sephadex TMG-
25 M, GE Healthcare) to remove the SDS and DTT from the
solutions. Beforehand the gel columns had been equilibrated
with 25 mL 10 mM Tris-HCI (pH 8.0). After determining the
fractions of highest protein concentration by a Bradford Assay
(Bio-Rad), fractions 5 to 9 of two gel filtration runs were
combined and concentrated in a vacuum centrifuge (Savant
SpeedVac SPD121P) to 250 pL (gel-filtered protein solution,
gfP).

Incubation of the microcrystals with protein

solution

10 mg of the microcrystal powder were incubated with 100 pL
gel-filtered protein solution for 12 h at room temperature with
constant shaking. The supernatant liquid (AS for aragonite or
CS for calcite) was retained and the microcrystals were washed
3 times with 100 pL solution of 240 mM NaCl, 10 mM Tris-
HCI (pH 8.0). The washing solutions were retained and
combined (W). After washing, the crystals (A: aragonite, C:
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calcite) were dissolved in 1 mL of 6% acetic acid, which was
removed afterwards by dialysis (Spectra/Por Dialysis
Membrane, MWCO: 3.5 kDa) in 5 mM sodium citrate buffer at
pH 4.8 with 0.02% NaNj. After concentrating protein solution
P, gel-filtered protein solution gfP, supernatant S, washing solu-
tion W and crystal solutions A and C in a vacuum centrifuge
(Savant SpeedVac SPD121P) to a volume of about 20 pL, each
solution was subjected to SDS-PAGE. For SDS-PAGE
12% Bis-Tris gels (Invitrogen) were used with MES (2-(N-
morpholino)ethanesulfonic acid) as running buffer (Invitrogen).
For the lysozyme control experiment, commercially available
lyophilisated lysozyme was dissolved in deionised water to a
concentration of 1 g/L. The microcrystals were incubated with
this solution as stated above.
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Abstract

Hierarchically structured flower leaves (petals) of many plants are superhydrophobic, but water droplets do not roll-off when the
surfaces are tilted. On such surfaces water droplets are in the “Cassie impregnating wetting state”, which is also known as the “petal
effect”. By analyzing the petal surfaces of different species, we discovered interesting new wetting characteristics of the surface of
the flower of the wild pansy (Viola tricolor). This surface is superhydrophobic with a static contact angle of 169° and very low
hysteresis, i.e., the petal effect does not exist and water droplets roll-off as from a lotus (Nelumbo nucifera) leaf. However, the
surface of the wild pansy petal does not possess the wax crystals of the lotus leaf. Its petals exhibit high cone-shaped cells (average
size 40 um) with a high aspect ratio (2.1) and a very fine cuticular folding (width 260 nm) on top. The applied water droplets are in
the Cassie—Baxter wetting state and roll-off at inclination angles below 5°. Fabricated hydrophobic polymer replicas of the wild
pansy were prepared in an easy two-step moulding process and possess the same wetting characteristics as the original flowers. In
this work we present a technical surface with a new superhydrophobic, low adhesive surface design, which combines the
hierarchical structuring of petals with a wetting behavior similar to that of the lotus leaf.

Introduction
Plant surfaces provide a large diversity of hierarchically [4-6] or cause air retention under water (“Salvinia effect”) [7,8].

designed structures with various functions [1,2]. Different types ~ Superhydrophobic, self-cleaning surfaces possess a static

of epidermal cells (micro-roughness) exist in combination
with cuticular folds or epicuticular waxes (nano-roughness), or
both, on top [1,3]. Hierarchy in surface sculpture can cause

water repellent and self-cleaning properties (“Lotus effect”)

contact angle (CA) equal to or above 150°, and a low hysteresis
angle, where water droplets roll-off at surface inclinations
equal to or below 10° [6,9]. One of the most important

biological water repellent and self-cleaning surfaces is the lotus
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(Nelumbo nucifera) leaf [4,5]. Its water repellence is based on
two factors: Surface roughness and a hydrophobic surface
chemistry. The micro-morphological characteristics of lotus
leaves are papillose cells covered with a dense layer of small
hydrophobic wax tubules. In plants, surface waxes occur as thin
films (two-dimensional waxes) or as wax tubules, platelets,
rodlets or other three-dimensional waxes [1,10]. In lotus leaves,
air remains trapped below a water droplet and the contact area
between the water and the leaf surface is thereby minimized [1].
This micro- and nanostructured surface, composed of low
surface energy materials, leads to a high CA (163°) and a low
hysteresis and tilt angle (2-3°). Additionally, lotus leaves show
low adhesive properties to adhering particles. Thus, contamina-
tion by dust, pollen or even hydrophilic particles such as grime
are carried away by water droplets which results in a clean

surface [4].

Two distinct models are proposed to explain the wetting
behavior of rough surfaces. In the Wenzel model [11] rough-
ness increases a solid surface area; this geometrically enhances
its hydrophobicity. In the Cassie—Baxter model [12] air remains
trapped below the droplet in the surface cavities, which also
leads to a superhydrophobic behavior, because the droplet sits
partially on air [13].

The Wenzel model describes homogeneous wetting by the

following equation,

cost =rcos0 (1

where 0 is the static CA for a rough surface and 6 is the static
CA for a smooth surface. The surface roughness r is defined as
the ratio of the actual over the apparent surface area of the sub-
strate. The Cassie—Baxter model describes heterogeneous
wetting by the equation,

cosf =rcosB — fi,(rcosB +1) )

where f}, is the fraction of solid in contact with the liquid and is
dimensionless.

Further important factors in surface wetting are the static
contact angle hysteresis (CAH) and the tilt angle (TA). The
CAH describes the difference between the advancing and
receding CAs of a moving droplet, or of one increasing and
decreasing in volume. The CAH occurs due to surface rough-
ness and heterogeneity [14,15]. Low CAH results in a low TA,
which describes the TA of a surface at which an applied water

droplet starts to move [15].
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Nowadays, transitional states between the Wenzel and
Cassie—Baxter states have been discovered. Wang and Jiang
[16] proposed five different states for superhydrophobic
surfaces, where the lotus and gecko states are treated as special
cases in the Cassie—Baxter model. Feng et al. [17] proposed a
sixth superhydrophobic state, called the “Cassie impregnating
wetting state” or “petal effect”. Both describe superhydro-
phobic surfaces with high adhesive forces to water, and this
means that the wetted surface area is smaller than in the Wenzel
model but larger than in the Cassie-Baxter model. Feng et al.
[17] demonstrated this effect on rose flowers (petals). The
surfaces of petals are often morphologically characterized by
micro papillae with cuticular folds on top. In contrast to the
lotus surface with air pocket formation between cell papilla,
wax crystals and salient water droplets [18], the petal surface
seems to prevent air pocket formation and droplets penetrate
into the cuticular folds by capillary forces. It is proposed that
the sizes of both micro- and nanostructures are larger than those
found on the lotus leaves. Water droplets are expected to pene-
trate into the larger grooves of the petals, but not into the
smaller ones and, thus, cause the Cassie impregnating wetting
state [17].

The structure-based wetting characteristics of petals seem to
offer a great alternative for the development of biomimetic
superhydrophobic materials for micro droplet transport in micro
fluidic systems, sensors or optical devices [19,20]. These
hierarchically designed petal surfaces, with micropapillae and
cuticular folds on the papillae top, can be precisely reproduced
and are suitable for the industrial production in large area foil
imprinting processes. In contrast, the hierarchically organized
structures of the lotus leaf are composed of micropapillae with
randomly distributed tubules on top. The development of such a
surface architecture requires two production steps. Firstly, the
microstructures must be produced by moulding, lithography or
in-print-techniques. Secondly, the nanostructure production
requires expensive lithographic techniques, or self-assembling

materials, such as metal oxides [9,21].

Some attempts have been made to fabricate superhydrophobic
surfaces with high adhesion properties inspired by rose petals
[20,22-25]. Bhushan and Her [25], for example, replicated dried
and thereby collapsed, micropapillae, and examined the wetting
behavior of these structurally changed petals. Bormasheko et al.
[24] or Shi et al. [22] fabricated “petal effect” surfaces by
impregnating a polyethylene film with Lycopodium particles
(spores) or with techniques such as electromechanical deposi-
tion of metal aggregates, which show the same wetting behavior
as rose petals, but showed a different surface design than the
native petals used as biological models. Xi and Jiang [23] repli-

cated native rose petals with polydimethylsiloxane (PDMS),
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and fabricated surfaces that are topographically very similar to
those of the original rose petals. However, their replicas
possessed high adhesive forces to small (2 pl) water droplets,
which cannot provide self-cleaning properties.

One simple and precise method to transfer petal surface struc-
tures into an artificial material is a soft lithography technique
called replica moulding [26]. Specifically, for the replication of
biological surfaces Koch et al. [27,28] introduced a cost-effi-
cient, two-step replication technique. This precise method
prevents shrinking and damaging of the biological master
during the replication process by avoiding a vacuum pre-
paration step or critical temperatures as are used in most other
techniques, and biological surface structures with an extremely
high aspect ratio (ar) can be replicated [29].

In this study, we present the superhydrophobic surface of the
wild pansy Viola tricolor (Figure 1), with a low TA and discuss
the influence of papillae morphology and the dimensions of
cuticular folding on the petal wetting state. To this end
biomimetic replicas of four petals, differing in their surface
morphology, were generated and their wetting behavior was
examined by measuring the static CA and the TA. Finally, the
contact area between a water droplet and the Viola petal surface
was examined and superhydrophobic artificial petal replicas
with low adhesive properties were generated.

Results and Discussion
Micromorphological characteristics of the
surfaces

Scanning electron microscope (SEM) investigations were
made to characterize the micro- and nanostructures of the
petals and their replicas. Petals of four different species
which differ in their cell shape and dimension as well as
in their wetting behavior were chosen. Figure 2 illustrates the
SEM micrographs of the petal surfaces and their uncoated and
coated polymer replicas [in the following the uncoated replicas
are marked with a subscript » (= replicas), the coated replicas
with a cr (= coated replicas) and the original petals are
unmarked].
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Figure 1: Macro photo of a water droplet on a flower of the wild pansy
(Viola tricolor).

Petal surfaces of all four species are characterized by
micropapillae with a cuticular folding on top (Figure 2; 1a—4a).
As the pictures show, the replicas possess the same surface
structures as the original petals. Minor deviations between the
papillae shape of the original petals and the replicas may arise
from critical point preparation of the petals (Figure 2; 1a—4a).
The replicas were made from fresh turgescent flowers and the
replication material used can mould a master structure to a high
precision (replica deviations <2 nm from a master structure;
Supporting Information File 1, Figure S1). Because of this, one
may assume that the replicas display the real shape of the fresh
petal surface structures. SEM pictures also show that antispread
coated replicas (Figure 2; 1c—4c) possess the same surface
structures as the uncoated replicas (Figure 2; 1b—4b). Accord-
ingly, the structural parameters were collected on the uncoated
replicas. Differences between the petal structures could be
found in the dimensions of papillae and folds. Rosa, and Viola,.
are characterized by relatively sharp micropapillae (Figure 2;
3b, 4b), while Dahlia, and Cosmos, possess micropapillae with
rounded tops (Figure 2; 1b, 2b). Furthermore, the micropapillae
of the four different species vary from about 14 pm (Rosa,) to
40 pm (Viola,) in height, from 17 pm (Rosa,) to 33 pm

Table 1: Micropapillae characteristics of the petal polymer replicas: average values (av) and their standard deviation (o) values are shown (n = 30).

Micropapillae
Replica Height [um] Midwidth [um] Aspect ratio (ar) Papillae peak to peak distance [um]
av o av o] av av o
Cosmos, 20.3 47 19.6 3.7 1.0 41.0 11.8
Dahlia, 21.8 5.6 32.7 4.2 0.7 48.4 10.1
Rosa, 13.8 3.2 16.5 3.0 0.8 31.1 8.9
Viola, 40.2 13.1 18.9 3.9 21 24.9 3.8
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Figure 2: SEM micrographs of the petal surfaces (1a—4a), the uncoated polymer replicas (1b—4b) and the coated replicas (1c—4c) of Cosmos atrosan-
guineus (1a—1c), Dahlia pinnata (2a—2c), Rosa chinensis (3a—3c) and the wild pansy Viola tricolor (4a—4c).

(Dahlia,) in their midwidth (papillae diameter at half of the
papillae height) and from 25 pm (Viola,) to 48 pm (Dahlia,) in
their peak-to-peak distance (Table 1).

The average aspect ratio (ar) of the papillae shows similar
values for the Cosmos,, Dahlia, and Rosa, papillae (ar 1.0; 0.7;
0.8). In contrast, the average ar of the Viola, papillae is much
larger (ar 2.1). In this context it is noted that the standard
deviation (o) of Viola, papillae height is also higher than the
standard deviation of the other species. The micropapillae
dimensions are shown schematically in Figure 3.

Differences between the four species were also found in the
distribution and dimensions (width and distance) of the

cuticular folds (Table 2). While the micropapillae of Dahlia,
and Viola, are completely covered with folds, the Cosmos, and
Rosa, papillae only exhibit dense folding on top of the papillae
and some single folds at the papillae side (Supporting Informa-
tion File 1, Figure S2). Combinations of relatively thick folds
separated by a small distance and thin folds separated by a large
distance were found. The width of the folds varied from 260 nm
(Viola,) to 600 nm (Cosmos,) and the distance between the
single folds varied from 210 nm (Dahlia,) to 460 nm

(Cosmos,).
Wettability of the petals and their replicas

Static CA and the TA measurements were performed to
compare the surface structures with the wettability. Two super-
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Table 2: Characteristics of cuticular folds found in the replicas of the
petals: average values (av) and standard deviation (o) values of the

fold width and distance in um (n = 30).

Cuticular folds

Replica Width [um]
av o}
Cosmos, 0.60 0.09
Dabhlia, 0.39 0.08
Rosa, 0.41 0.09
Viola, 0.26 0.07

static contact angle [°]

=
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80
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Distance [um]

av

0.46
0.21
0.21
0.45

O original petal

o

0.10
0.06
0.09
0.12

O replica uncoated

Beilstein J. Nanotechnol. 2011, 2, 228-236.

hydrophobic petals (Rosa CA 155.6° and Viola CA 169°) and
two hydrophobic petals (Cosmos CA 118.3° and Dahlia CA
136.4°) were found (Figure 4).

The static CA of the rose petals correlates well with the CA of
roses previously measured by Feng et al. [17] (CA 152.4°), Xi
at al. [23] (CA 154.3°) and Bhushan et al. [25] (CA 155°). The
CA of the Cosmos petal was only 118°, thus, the Cosmos
surface was more hydrophilic than the other petal surfaces.
Except for Cosmos, all uncoated polymer replicas feature a
lower CA than their biological model and thus did not show the
same wetting behavior. This suggests that the replica material is
more hydrophobic than the cuticle of the Cosmos petal and
more hydrophilic than the cuticles of the other species investi-
gated. The flat uncoated polymer had a CA of 79.3°, which is
by definition a hydrophilic surface [9]. With respect to the
Wenzel equation (Equation 1) a CA decrease through struc-
turing of the hydrophilic polymer was expected [11]. In contrast
to that, an increase of surface roughness has led to an increase
of the CA of the structured polymers. After covering the
replicas with a hydrophobic fluorine polymer (CA of the flat
fluorine polymer: 106.5°), the CA values increased conspicu-
ously (Figure 4). These results emphasize that a hydrophobic
material in combination with surface roughness is the basis for
the fabrication of superhydrophobic surfaces.

While the CA values of the coated replicas of Cosmos,,,
Dabhlia., and Rosa., were very similar (CA 145.2°; 141.9°;
140.0°), the CA of Viola,., was much higher (CA 168.9°). A
similar tendency was found for the TAs (Figure 5). The petals
of Cosmos, Dahlia and Rosa possess high adhesion to water
droplets (Cosmos and Dahlia TA >90°; Rosa: TA 44°), thus,
water droplets do not roll-off from the petals or the coated and

[ replica coated

r———
_CA>150" = superhydrophobicity—g—
Cosmos Dahlia Rosa Viola reference

Figure 4: Static CAs of 5 pl water droplets on the surfaces of fresh (original) petals, their uncoated and coated polymer replicas and of the reference
(uncoated and coated flat polymer; n = 10).
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Figure 5: TAs of 5 ul water droplets on the surfaces of fresh (original) Cosmos, Dahlia, Rosa and Viola flowers, their uncoated and coated polymer
replicas and the TA of the reference (uncoated and coated flat polymer; n = 10).

uncoated replicas. These data correlate well with the reported
“petal effect”. Feng et al. [17] showed that Rosa petal surface
structures impart special properties to the flowers, in that small
water droplets (1-10 pl) adhere to the petals whilst larger
droplets (>10 pl) roll-off. On Viola petals and their coated
replicas, applied droplets rolled off at TAs of <5°, even when
droplets with a volume smaller than 10 pl (here 5 pl) were used
(Figure 5).

The TA of the coated Rosa., was very inhomogeneous. The
average TA was 44° with high standard deviation (£34.4°).
Rosa petals possess sharp micropapillae, the folds are relatively
thick (410 = 9 nm) and the micropapillae are only 13.8 +
3.2 pm in height. With respect to wetting stages, air pocket
formation on surfaces is important. By comparison of
the microstructure of Rosa and Viola, we expect larger air
pocket formation in Viola, based on the much higher
micropapilla in Viola (40.2 um in height). However, in roses
sometimes air pocket formation might exist because some
droplets rolled-off the surface at low inclination angles (TA
10°). These observations are in contrast to those of Feng et al.
[17]. Over millions of years of co-evolution, different morpho-
logical adaptations have evolved in petals. Scanning electron
microscopy studies also revealed large structural variations in
petal microstructures. These surface microstructures cause
optical signals [30,31] or function as a tactile cue for bees [32].
For us the “petal effect” or the repellence of petals seems to be a
side effect and not the primary aim of the flower. A petal is a
relatively short lived organ of plants, developed for pollinator
attraction, but the short duration of petal lifetime makes a self-
cleaning property for pathogen defence expendable. The last
point might explain why water repellence is not widespread in

petals.

Viola petals as a model for superhydro-

phobic, water repellent surfaces

Viola petals do not possess the “petal effect” and are anti-adhe-
sive for water droplets. It is well known that hierarchical
surface architecture represents optimized structures for super-
hydrophobic surfaces [11,33-36]. Based on the data presented
here, we can describe two main superhydrophobic surface
architectures for plant surfaces, the micropapillae with wax
crystals [6] and micropapillae with cuticle folds. Some remark-
able differences exist between the surface architecture of the
lotus leaf and Viola petals. In Viola petals microstructures are
larger (average height of 40.2 um) than those of lotus leaves,
which have microstructures with an average height of 15 um
[37]. The nanofolds in Viola have an average thickness of
0.26 um, while the wax tubules of lotus are only 100 nm thick
and ~0.5-3 um in length [38]. Thus, the Viola petal possesses
no three dimensional wax crystals, but a hydrophobic two
dimensional wax film covering the micropapillae and
nanofolds.

The distances between the structures also have an influence on
the wetting stage. The average pitch value (peak to peak
distances) of the lotus micropapillae is 22.6 = 1.9 um [37,38].
This is lower than the average pitch value of the Rosa
micropapillae (31.1 = 8.9 um), but similar to the value of the
Viola micropapillae (24.9 + 3.8 um). The dried rose petals
investigated by Bhushan et al. [25] showed microstructures with
larger pitch values than those found for the lotus leaf. On such
petals water droplets seem to partially penetrate into the petal
microstructures leading to a “Cassie impregnating wetting
state”. The low TA found for Viola petals indicates a
Cassie—Baxter wetting regime, in which water droplets do not

penetrate into the grooves of the micropapillae. Furthermore,
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hysteresis can also be affected by the shape of the microstruc-
tures and adequate nano-sculpting on top. The combination of
high (40.2 um) and extremely peaked micropapillae with very
fine folds (260 nm) on top apparently prevents water from pene-
trating into the structures by capillary force (Supporting Infor-
mation File 1, Figure S2).

A high standard deviation in Viola micropapillae heights (o:
+13.1 pm 2 33%, Table 1) demonstrates that large variations in
cell height do exist. The percentage standard deviation of the
micropapillae height of the other investigated species Cosmos,.
(o: #4.7 um 2 23%), Dahlia, (c: £5.6 pm 2 26%) and Rosa,
(o: £3.2 um 2 23%) is much smaller. The higher standard
deviation of the micropapillae height is correlated to a large
reduction in papilla contact with the applied water droplet.
Cryo-SEM-investigations (Figure 6) indicated that smaller
micropapillae are not in contact with the applied liquid. Thus,
cell height variations further decrease the liquid—solid contact
area and consequently decrease the adhesion of the liquid to the
surface. Additionally, a sharp papillae tip benefits more from a
lower contact area than a flat, rounded papilla tip. For the “petal
effect” Feng et al. [17] proposed that water droplets penetrate
into the grooves between the micropapillae. Viola prevents
water penetration into the micropapillae grooves by reducing
the papillae peak to peak distance, which is on average 24.9 um.
Much larger peak to peak distances were found in Rosa, (31.1
um), Cosmos, (41.0 um) and Dahlia, (48.4 pm). The results
presented here show that the combination of high micropapillae
with high ar, sharp tips and small peak to peak distances is
required for the design of biomimetic superhydrophobic petal
surfaces with low hysteresis.

Figure 6: Cryo-SEM micrograph of the micropapillae of a Viola petal in
contact with the surface of a water-glycerol droplet. Many
micropapillae are not in contact with the droplet surface (a) while
others are in contact with the droplet surface (b).
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The cuticular folds also have an influence on the wetting stage.
On Viola, the micropapillae are completely covered with fine
nano-folds (260 + 70 nm), arranged at a separation of 450 +
120 nm, whilst the micropapillae of the Rosa, petals are only
partially covered with broader folds (410 + 90 nm), arranged at
a separation of 210 = 90 nm. Feng et al. [17] noted folds of
730 nm width on the micropapillae with an average diameter of
16 um and a height of 7 um (the differences probably result
from the usage of different species). Their rose petals possess a
CA of 152.4° and a TA of >90°. By replicating the flowers, they
developed a polymer film with a CA of 154.6° and a high adhe-
sion to water droplets (TA >90°). Hydrophobic replicas of the
Viola petals have a CA of 169° and a TA of <5°. These results
show that finer folds arranged at small separation seem to
prevent the penetration of water into the folds by capillary
forces.

Conclusion

Flower petals provide a new design strategy for the develop-
ment of superhydrophobic, biomimetic materials. In contrast
to superhydrophobic petals, where water droplets adhere,
and which have been described before, we found a biological
model (Viola tricolor) with a superhydrophobic, water repel-
lent petal surface. Indeed, these flowers provide the typical
surface architecture of petals (micropapillae with a folding
on top), but a similar wetting behavior as that described
for lotus leaves. By an easy and fast replication technique and
subsequent hydrophobic coating, biomimetic replicas
were fabricated. These replicas possessed the same surface
structures and wettability as the biological models. The petal
surface design of Viola, introduced here, seems to be easier and
much more favourably to produce, e.g., by imprint processes,
than the hierarchically organized structures which are found on
the lotus leaf. In contrast to the lotus leaf structuring with
randomly distributed nanocrystals the surface structures of
Viola could be qualified, for example, for large area foil
imprinting processes. Thus, a new surface design for the de-
velopment of superhydrophobic, water repellent biomimetic

materials is presented.

Experimental

Plant material

The upper surface (adaxial) sides of the petals of four different
plant species were investigated. Plants were cultivated in the
Botanic Gardens of the Rheinische Friedrich-Wilhelms-Univer-
sity of Bonn (BGB). Their scientific names are given together
with their registration numbers of the BGB. Investigated species
are the Chocolate Cosmos (Cosmos atrosanguineus;, BGB
29614-8-2008), Dahlia pinnata (BGB 7960-9-1990), the China
Rose (Rosa chinensis; BGB 3089-9-1979) and the Wild Pansy
Viola tricolor (BGB 27262-4-2004).
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Fabrication of the replicas

For the fabrication of the biomimetic polymer replicas, the
replication technique introduced by Koch et al. [28] was used.
Here, we briefly introduce the technique and mention the modi-
fications made. The replication technique is a two-step
moulding process, in which at first a negative is generated and
then a positive. For generating the negative replicas, the master
(biological sample) is moulded with polyvinylsiloxane dental
wax (President light body Gel, ISO 4823, PLB; Coltene
Whaldent, Hamburg, Germany). In the second step, the nega-
tive replicas were filled with a two-component epoxy resin
(RECKLI Injektionsharz EP, RECKLI GmbH, Herne,
Germany). The use of this material is a modification in the
replication process introduced by Koch et al. [28] (replication
performance of the RECKLI material; Supporting Information
File 1, Figure S1). After spilling the negative replicas, the
epoxy resin was dried for 48 h at 25 °C. After hardening, the
positive replicas were peeled off from the negative replicas and
further replicas were fabricated. In total, five petals of each

species were replicated and examined afterwards.

Hydrophobization of the replicas

The replicas were dip-coated (30 sec) in a fluorine polymer
(Antispread, E2/50 FE 60, Dr. Tillwich GmBH Werner Stehr)
and then dried for 20 min at room temperature. Antispread is a
commercially available Fluorocarbon 60 for surface hydropho-
bization. It forms approximately 40 nm thin layers on the sub-
strate (producer information) and causes no additional nano-
structuring on the replica surfaces. A smooth surface, dip-
coated with Antispread has a static CA of 106°.

Surface characterization

The surface structures of the biological samples and their
replicas were investigated by SEM. Images were recorded using
a CAMBRIDGE Stereoscan 200 SEM (Zeiss GmbH,
Oberkochen, Germany), a digital image processing system
(DISS 5, Version 5.4.17.0, Point Electronic GmbH, Halle,
Germany) was used to visualize and measure the surface struc-
tures of the petals. Fresh plant material was dehydrated with
ethanol and dried in a critical point dryer (CPD 020, Balzers
Union, Balzers—Pfeifer GmbH, ABlar). On account of their
stability, the replicas did not require special preparation. All
samples were sputter-coated with a 30 nm gold layer (Balzers
Union SCD 040, Balzers—Pfeifer GmbH, ABlar) prior to SEM

investigations.

Cryo-SEM examinations

To display an applied droplet in contact with the petal surface,
the Cryo-SEM method, developed by Ensikat et al. [18], was
used. In this method a sample—droplet (glycerol-water mixture

of 1:3) complex was frozen with liquid nitrogen. A water—gly-
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cerol mixture was used as the liquid to prevent crystallization
patterns on the droplet surface, which occur on pure water
droplets. After this the sample was separated from the droplet
(5 pl) and the surface imprint of the droplet was examined
under a scanning electron microscope. All examinations were
performed using a CAMBRIDGE Stereoscan 200 SEM (Zeiss
GmbH, Oberkochen, Germany), equipped with a digital image
acquisition system (DISS 5, Point Electronic, Halle, Germany).

Static contact angle and tilt angle measure-

ments

The wettability of the biological samples and the replicas was
characterized by CA and TA measurements with a computer
controlled goniometer OCA 30 (Dataphysics SCA 2.02, Filder-
stadt, Germany). Five microliters of demineralized water
droplets were automatically applied to the samples via syringe
and CAs were automatically determined using the
Laplace—Young fitting algorithm. TAs were measured by tilting
the samples (with an applied droplet on the surface) and
measuring the TA at which the droplets rolled off the surface.

Each measurement was repeated 10 times.

Supporting Information

Supporting Information File 1

Additional figures.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-27-S1.pdf]
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We present here the first results on the self-assembly of tubules of natural wax from lotus leaves on a single crystal Au(111)

surface. A comparison of the tubule growth on Au(111) to that on HOPG is discussed. Although the tubule formation on both

Au(111) and HOPG takes place on an intermediate wax film which should mask the substrate properties, the tubule orientations

differ. In contrast to a vertical tubule orientation on HOPG, the tubules lie flat on Au(111). Taking into account the physical prop-

erties of HOPG and Au(111), we put forward a hypothesis which can explain the different tubule orientations on both substrates.

Introduction

Natural nonacosan-10-ol waxes derived from plant leaves have
been subjected to numerous studies [1-9]. Electron micrograph
studies by Barthlott et al. [7] demonstrated the tubule-like
assembly of nonacosan-10-ol molecules on lotus (Nelumbo
nucifera) leaves, whilst their crystalline nature was verified by
X-ray powder diffraction (XRD) and electron diffraction (ED)
techniques [10,11]. Koch and co-workers applied tapping mode
AFM to study the continuous growth of nonacosan-10-ol
tubules on HOPG [8]. By applying a 10 pL droplet of natural
wax molecules derived from nasturtium (7ropaeolum majus)
and lotus (Nelumbo nucifera) containing different concentra-

tions of nonacosan-10-ol dissolved in chloroform onto a HOPG

surface, they showed for the first time that tubule growth
follows a three step mechanism, i.e., a “rodlet — curved struc-
ture — tubule”, growth type behavior [8]. By comparing the
vertical orientation of tubules on HOPG (non-polar) to horizon-
tally oriented tubules on polar substrates, e.g., silicon, alumina,
or glass, they concluded that surface polarity is responsible for
tubule orientation. They also demonstrated an increase in the
hydrophobicity of the HOPG surface covered with tubules by
measuring the contact angle, which increased from 88° (freshly
wax covered surface) to 129° after 14 days. A more recent study
by the same group [6] demonstrated a number of factors which

affect the self-assembly of nonacosan-10-ol molecules on

261

O


http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:sujitdora1977@googlemail.com
mailto:k.wandelt@uni-bonn.de
http://dx.doi.org/10.3762%2Fbjnano.2.30

various substrates. By thermal vapor deposition of the wax
molecules (in order to exclude solvent influence) they found
that at 50 °C (substrate temperature) tubule growth on HOPG
occurs rapidly, whereas at 25 °C no tubule was formed on the
surface. They also demonstrated that tubules can only be
formed from the S-enantiomer of nonacosan-10-ol with the add-
ition of a certain amount of diol (0-5%), whereas the R-enan-
tiomer produced very few tubular structures even after addition
of 4% of the corresponding diol. On the other hand, chemically
pure nonacosan-10-ol failed to form any tubules [6]. In add-
ition, a spiral growth mechanism for tubule formation was also
proposed in these studies.

Although self-assembly of these tubules was studied on a
number of different substrates, as noted above, their growth on
single crystal metals has not yet been investigated. Here we
report the first study of the growth of tubules from natural wax
collected from lotus leaves on a Au(111) surface. In addition, a
comparison of tubule growth on Au(111) and HOPG is given in
order to obtain a better understanding of the various surface
properties affecting the growth kinetics and structure of these
tubules. The Au(111) surface was chosen, because gold is
regarded as the most chemically inert metal and is a well known
substrate for the study of self-assembly of a number of different
organic molecules, e.g., long chain alkanes [12,13], both ali-
phatic and aromatic thiols [14-16], substituted porphyrins
[17,18], substituted pyridines [19], 1-nitronapthalene [20],
saccharin [21], substituted carboxylic acids [22], polyaniline
[23], etc., either by vapor deposition in vacuum, or from solu-
tion. The main intention of our study was to demonstrate that
tubules from lotus wax can also be reconstituted on single
crystal metal surfaces, and compare their kinetics and orienta-

tion with materials that have similar surface properties.

Results

Figure 1 shows a series of AFM images of wax growth on the
Au(111) surface. A video sequence of all the images taken
during scanning, which demonstrates the representative wax
crystallization process on Au(111), is available in Supporting
Information File 1. As for their polar orientation, the majority of
the tubules are oriented in a parallel fashion with respect to the
substrate surface: Only a minority do not lie totally flat on the
substrate. In other words, these latter tubules have a height
difference between their two ends, i.e., they exhibit a slope (for
example, the tubule marked 'Z' in Figure 1f). The term polar
orientation refers to the tubule orientation with respect to the
vertical axis (see inset in Figure 1b, y is the polar angle).
The average time for completion of tubule formation was about
3—4 hours. The term “completion” indicates the point where the
tubule growth ceases, i.e., when no further changes in dimen-
sions (e.g., width, length) of the tubules are observed. Figure 1a,
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Figure 1: Consecutive AFM images showing nonacosan-10-ol wax
tubule growth on a single crystal Au(111) surface about

15-759 minutes after applying 0.4 mg-mL~" wax solution onto the subs
trate. Tubule growth starts from a thin film (Figure 1a, 15 minutes) of
irregular nature (roughness about 20—-300 nm) and rodlets are formed
(Figure 1b, 36 minutes) by phase separation. The rodlets then change
to tubules (Figure 1c, 77 minutes) before growing longitudinally (see
arrows in Figure 1b, Figure 1c and Supporting Information File 1) by
the continuous accumulation of wax molecules at both ends

(Figure 1d, 207 minutes). Longitudinal growth ceases at =4 hours
(Figure 1e, 242 minutes). Further waiting up to 13 hours (Figure 1f,
759 minutes) did not result in any further morphological change. Size =
4.9 %49 pmz, scan rate = 0.619 Hz, 256 lines.

which was taken 15 minutes after application of the wax solu-
tion, shows a thin film of variable roughness (roughness varies
between 20-300 nm) covering the entire surface. Figure 1b,
which was recorded after 36 minutes, shows the initial phase
separation and the formation of rodlets from this thin film. The
term phase separation here primarily refers to the isolation of
wax molecules which form rodlets (which later on are
converted to tubules), from those which do not form rodlets. It
is important to note here that these tubules grow on top of a
non-tubule forming wax film and not on top of the Au(111)
substrate itself. The average time for the onset of this phase sep-
aration is about 15-20 minutes. It is worth mentioning that the
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average time period before the onset of this phase separation is
reproducible from a number of experiments carried out under
similar conditions which was verified in our case by repeating
the experiments three times. The term rodlet used here is actu-
ally taken from previous studies by Koch et al [8]. Figure Ic,
which was taken after about 77 minutes, shows rodlets under-
going bending, due the continuous incorporation of wax mole-
cules, and hence starting to form tubules. Once the tubules are
formed, they start to grow longitudinally at both sides by further
addition of wax molecules to either end, as shown by arrows in
Figure 1c and Figure 1d (at about 77 and 207 minutes), respec-
tively. The longitudinal growth ceased after about 4 hours
(Figure le, at about 242 minutes) and no further changes in the
dimension of the tubule or the underlying thin film was
observed, even although experiments were carried out for up to
13 hours (Figure 1f, 759 minutes). It is also important to note
however, that the growth of some of the tubules ceased much
earlier, for example, the tubules marked with ”X” in Figure 1d
(at about 207 minutes). The reason for such premature satura-
tion might be related to the local unavailability of further tubule
forming wax molecules. The average outer diameter of the vast
majority of tubules varied between 200-300 nm. Only a negli-
gible number of tubules with an outer diameter of greater than
300 nm were found.

It is interesting to note that the outer diameter of all the tubules
varied in multiples of 20 nm (e.g., 200, 220, 260, 280 and
300 nm) as observed in our experiments. Such variations in the
outer diameter can also be found on a number of different
substrates, e.g., glassy carbon, mica, glass, etc., as was also
observed in our experiments. Figure 2a shows an initial stage of
layer by layer growth of a tubule on a glassy carbon surface. A
line profile across the layer (Figure 2b) clearly demonstrates
that the height of a single layer is about 20 nm (standard devia-
tion 2 nm, number of measurements = 5) which clearly agrees
with the stepwise tubule outer diameter variation in multiples of
20 nm. The average length of flat lying tubules varies randomly
most probably depending upon the local availability of tubule
forming wax molecules, but no useful statistics could be drawn
from this.

Plots of the increase in length and radial width of some tubules
versus time are shown in Figure 3. The curves numbered 1 and
2 refer to the numbers 1 and 2 in Figure 1. The plot (Figure 3a)
shows a logarithmic increase in the length reaching saturation
after about 3.5 hours. Further waiting periods up to 6 hours (and
longer - data not shown) did not result in any further measur-
able change of the tubule length. Comparing the growth of both
tubules — 1 and 2 in Figure 1 (plotted in Figure 3a) — it is
obvious that the growth rate of tubule 2 was lower and its final

length was shorter, but both tubules reached their final length
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Figure 2: Initial stage formation of lotus wax tubules on a glassy
carbon surface (a) and profile across the marked section (b) showing
the average layer height to be about 20 nm (standard deviation 2 nm,
number of measurements = 5) in agreement with the variation of outer
diameters of tubules in multiples of 20 nm. Size = 1.6 x 1.6 ym?2, scan
rate = 0.519 Hz, 512 lines.
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Figure 3: Change in tubule length (Figure 3a) and width (Figure 3b)
versus time for two representative tubules (numbered as 1 and 2 in
Figure 1) taking into account all the images shown in the video
(Supporting Information File 1; partially shown in Figure 1). Tubule
growth follows a logarithmic trend and saturates after =4 hours for
longitudinal growth, and 2.2 hours or less for radial growth, respec-
tively.

after the same time (about 3.5 hours). On the other hand,
although radial growth follows a similar logarithmic increase
behavior (Figure 3b), the time period of width saturation is
considerably lower (about 2.2 hours for tubule 1 and 1.2 hours
for tubule 2). This indicates that the tubules continued to grow
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in length after they reached their final diameter. The term
growth indicates increase in both longitudinal as well as radial
width of the tubules. This means that tubule 1 was not only
longer than tubule 2 but that its radius was also larger (about
320 nm) compared to tubule 2 (about 260 nm). In addition, in
no case studied did we find a dependence of the growth kinetics
on the concentration of molecules in solution. These two obser-
vations combined suggest that both the growth rate as well as
the saturation length depends on the availability of molecules
on the surface, or more precisely, within the “capture zone”
surrounding each tubule.

Discussion

As on many other substrates such as glass, mica, and HOPG, we
also observed on a Au(111) surface the recrystallization of
tubular structures after application of a solution of natural lotus
wax in chloroform. AFM images showed that most of the
tubules with a polar orientation parallel to the surface reached
their final length after approximately 3—4 hours. The reason
some of the tubules had a height difference between the two
ends was due to their growth over other tubules. Those tubules
lying directly on the substrate (or for that matter on the non-
tubule forming thin film) did indeed have a parallel orientation
with respect to the substrate. This is quite different to the
tubules observed by Koch et al on HOPG [9]. Although under
similar conditions, the average time period for reaching satura-
tion length is comparable for both HOPG and Au(111), the
tubule orientation differs, i.e., a horizontal tubule orientation on
Au(111) in comparison to the vertical orientation on HOPG
(Figure 4).

Taking into account the physical properties of HOPG and
Au(111), where both are non-polar and crystalline in nature,
this difference in the orientation of tubules is surprising. It is a
well known fact that self-assembly of organic molecules with
aliphatic chains results in epitaxial growth on HOPG due to
their well matched atomic distances. For example, Watel et al.
[24] have shown for long chain alkanes that the carbon skeleton
lies parallel to the HOPG surface. On the other hand, epitaxial
growth of long chain alkanes on Au(111) resulted in a vertical
arrangement of the carbon skeleton [12] on the substrate. Simi-
larly, Dorset et al. [25,26] have also demonstrated the unusual
orientation of paraffin waxes by studying their epitaxial growth
on organic crystals. It is important to note that epitaxial growth
is limited to the first few layers attached to the substrate,
however, in our case tubules were formed on top of a thin film
(formed from non-tubule forming wax molecules) rather than
directly on the substrate surface. The presence of such a thin
film on both the Au(111) and the HOPG surface should make
both surfaces behave in an equivalent manner and suppress any
effect of a direct epitaxial relationship with the respective sub-
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Figure 4: Consecutive AFM images of Lotus (Nelumbo nucifera) wax
tubule growth on HOPG, about 32-230 minutes after applying

0.2 mg-mL~" wax solution (chloroform solvent) to the substrate. The
arrows show vertical growth of tubules in clockwise (black arrow) as
well as anti-clockwise (white arrow) direction on the substrate. The
average time for completion of tubule formation is about 3—4 hours.
The growth of the tubules starts from rodlets (Figure 3a, 32 minutes)
which form curved rodlets (Figure 3b, c, d, e, 66, 98, 148,

180 minutes) before finally forming the complete tubule (Figure 3f,
230 minutes) as marked by arrows. Size = 3.25 x 3.25 ym?, scan rate
=0.519 Hz, 512 lines.

strate. Yet, a vertical orientation of tubules could be found on
HOPG compared to the horizontal tubule orientation on
Au(111). To support our claim, we would also like to empha-
size that even after applying a 10 pL droplet of a higher concen-
trated solution (10 mg-mL™!) on to HOPG, vertically oriented
tubules were also formed. By contrast, we have also observed
rodlets of octacosan-1-ol growing only in a parallel fashion
(also reported by Koch et al. [27]) on top of its thin film by
applying a 10 pL droplet of 0.4 mg:mL™! octacosan-1-ol in
chloroform on to HOPG (Supporting Information File 2). This
strongly suggests that the orientation of the three dimensional
structure on top of the thin film is independent of the epitaxial
behavior. Therefore we can clearly say that none of the above
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mentioned substrate properties are responsible for the orienta-
tion of the tubules on these substrates. This also leads to the
question, if none of these properties are responsible then what
else is responsible for the vertical tubule orientation on HOPG?
The answer might be found in the free standing dangling bonds
on HOPG. Many authors have already reported the presence of
free standing dangling bonds on the HOPG surface, which is
different from metal surfaces [28-30]. The presence of such
dangling bonds in HOPG might act as the preferential adsorp-
tion site for some particular constituent of the lotus wax thereby
influencing the segregation behavior within the wax layer. As a
consequence, the resultant surface composition of the wax film
may favor vertical growth of the tubules. On the other hand, on
Au(111) no such dangling bonds are available and hence the
thin film might have a different surface composition upon
which tubules grow horizontally. This substrate dependent
segregation behavior, and hence, the different resultant concen-
tration profile within the wax film, could be an explanation as to
how the influence of the different substrates could be trans-
ferred to the surface of the wax film where the tubules actually
grow. However, this “chromatographic effect” of the substrate
is purely a hypothesis and no data is available yet to support this
hypothesis. As for the azimuthal orientation of tubules, we
would also like to make it clear that the tubules are oriented in a
random manner and do not follow the symmetry found on a
gold surface. The term azimuthal orientation refers to the tubule
orientation with respect to the azimuthal angle in the X-Y plane
(see inset in Figure 1b, 0 is the azimuthal angle). Such random
orientation of tubules can also be found on non-crystalline
substrates, e.g., glass, glassy carbon, etc.

The next interesting behavior of the tubules is the variation of
their outer diameter in multiples of 20 nm. To make sure image
artefacts did not affect our measurements, we applied a very
slow scanning rate of 0.619 Hz. In addition, tubule diameters
were measured with respect to the flat surface and the height
measurement in Figure 2 clearly demonstrates the single layer
height to be about 20 nm. All these factors strongly support our
measurements of outer tubule diameter as being in multiples of
20 nm. Taking into account the molecular length of nonacosan-
10-0l, which is about 4 nm long (assuming all methylene groups
are in trans-configuration [31]), it can be assumed that a single
layer of such a tubule consists of five layers of nonacosan-10-ol
(or for that matter corresponding -diol) molecules. The reason
for the stability of an individual tubule layer consisting of five
molecular layers of nonacosan-10-ol is still unknown, but a high
resolution microscopic study might shed more light on the exact
molecular architecture within the layers.

The bending of thin films to tubules most probably happens in
order to release stress that arises due to the increase in length
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and thickness of the individual rodlets. Numerous studies have
described structural transitions in thin films which contribute to

the relaxation of stress at their interface [32-34].

Another interesting observation is the rather uniform and
confined diameter of the completed tubules of <300 nm. This,
in turn, must be an inherent property of the molecular architec-
ture of the wax tubules. The incipient radial growth of the
tubules occurs stepwise in layers of 20 nm thickness. Their
molecular arrangement seems to favor a certain curvature of
such a 20 nm thick layer. However, with the increasing diam-
eter of a tubule, this curvature decreases leading to the accumu-
lation of internal stress. As a consequence, at a tubular diam-
eter of about 300 nm the curvature of the next added layer of
20 nm would be too low, and hence the internal stress too high,
so that no further layer will grow around the tube.

To conclude we would also like to refer to the orientation of
wax tubules found in previous studies of the self-assembly of
natural nonacosan-10-ol wax on different substrates. Jetter and
co-workers [2] showed that substrate polarity and roughness
play no role in tubule crystallization by demonstrating a parallel
orientation of tubules on a number of different substrates, e.g.,
polyethylene, polypropylene, Teflon, alumina, mica, glass,
etc. However, they applied a larger volume of solution of
50-250 uL (10 mg'mL~!) which effectively masks any effect of
the substrate. A more recent study by Koch et al. [9] demon-
strated the effect of substrate polarity on the tubule growth by
showing a vertical orientation on HOPG and a horizontal orien-
tation on silicon and alumina. However, in our study by
combining various properties (e.g., polarity, crystallinity)
together at two different surfaces we have demonstrated that
none of these properties is directly responsible for tubule orien-
tation. To support our data, we would also like to emphasize
that the self-assembly of long chain alcohols, e.g.,
octacosan-1-ol, on HOPG as well as on other materials, e.g.,
glass, mica, or silicon, results in a totally different arrangement
on HOPG compared to all other materials, as demonstrated by
Dommisse [1] and Hommes [35]. This reinforces the notion that
some very special properties of HOPG are responsible for the
entirely different self-assembly process on its surface and a
hypothetical explanation is given above. This raises also the
question whether HOPG is in fact a useful substrate in order to
mimic natural leaf surfaces, which is actually often done,
because on natural leaves no such preferentially vertical orienta-

tion is found [7].

Conclusion

We have performed the first study of the growth of nonacosan-
10-ol tubules on a single crystal Au(111) surface. By comparing
the wax growth on Au(111) with that on a HOPG substrate,
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being both non-polar and crystalline, we have found that none
of these properties are responsible for tubule orientation. From
this study, we have also concluded that HOPG most probably
has some special properties that lead to the unusual upright
orientation of tubules on its surface. We have proposed as a
hypothesis that ultimately the presence of free-standing
dangling bonds on HOPG, and thereby a substrate specific
segregation behavior within the wax materials, might be respon-
sible for this tubule orientation. Furthermore, we propose the
buildup of internal stress within the layered structure of the
tubules which limits the outer diameter of tubules to approxi-
mately 300 nm. Finally, we have raised the question of whether
or not HOPG is a suitable material to mimic wax growth as on
natural leaf surfaces.

Experimental

The nonacosan-10-ol wax materials, which were extracted with
chloroform from lotus (Nelumbo nucifera) leaves, were
obtained from the Nees Institute for Biodiversity of Plants at
Bonn University. These wax materials, which were used in all
our experiments, are actually a mixture of long chain hydrocar-
bons and their derivatives, e.g., alcohols with one or two
OH-groups, aliphatic acids, as well as some unidentified
components. For the exact chemical composition of this wax,
the reader is referred to the following article [8]. A concentra-
tion of 0.4 mg-mL™! of wax molecules was prepared by
dissolving 2 mg of wax in 5 mL of chloroform. The Au(111)
single crystal used in our experiments was bought from Mateck
GmbH, Jiilich, Germany. The Au(111) crystal was cleaned by
flame annealing (a well established procedure in electrochem-
ical surface science). For this purpose, the crystal was placed on
a ceramic plate and annealed with a butane gas flame for
3 minutes up to faint red glow (600-700 °C). The crystal was
then cooled to room temperature in an argon atmosphere for
about 15 minutes. A clean HOPG surface was prepared by
simply removing a few atomic layers with adhesive tape.

AFM measurements were carried out with a Picoscan AFM
(Molecular Imaging, Tempe, AZ, USA) with a PicoScan
controller coupled with a MAC Mode controller. The system
was operated in MAC Mode AFM employing type I MAC
levers under ambient conditions. The type I MAC levers are
silicon cantilevers with a length of 90 pm and a typical tip
radius of less than 10 nm, having a resonance frequency of
75 kHz and a force constant of 3 N/m (NanoAndMore GmbH,
Wetzlar, Germany). Appropriate imaging conditions were a
scan size 0of 4.9 x 4.9 um2, a scan rate of 0.5—1 lines/s, and an
image size of 256 x 256 pixels. In order to minimize inter-
action between tip and sample, the set point was chosen close to
the upper limit. All experiments were performed at room
temperature (20-24 °C).

Beilstein J. Nanotechnol. 2011, 2, 261-267.

For real time observations of wax recrystallization by AFM, a
10 pL droplet of wax molecules dissolved in chloroform was
applied onto the central part of both the Au(111) and a HOPG
surface. The total area of wax crystallization was about 20 mm?2
for both substrates. The chloroform took ca. 30 seconds to evap-
orate from the surface leaving the wax molecules on the sub-
strate. The substrates were then fixed to the AFM stainless steel
base plate, and the first image acquisition started as soon as
possible after the chloroform evaporation, typically after
8-10 minutes. AFM images were taken consecutively from the
same substrate area over a period of several hours applying a
constant scan rate (as denoted in the respective figure captions).
Height and length measurements of the resultant wax crystals
were made with the program WSxM (Version 3.0; Nanotec

Electronica, Madrid, Spain).

Supporting Information

Supporting Information File 1

Natural nonacosan-10-ol wax crystallization on Au(111)
surface.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-30-S1.avi]

Supporting Information File 2

Parallel orientation of 3-dimensional structures of
octacosan-1-ol on HOPG by recrystallization from
chloroform solution.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-2-30-S2.jpg]
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The lateral line system of fish consists of superficial neuromasts, and neuromasts embedded in lateral line canals. Lateral line

neuromasts allow fish to sense both minute water motions and pressure gradients, thereby enabling them to detect predators and

prey or to recognize and discriminate stationary objects while passing them. With the aid of the lateral line, fish can also sense

vortices caused by an upstream object or by undulatory swimming movements of fish. We show here that artificial lateral line

canals equipped with optical flow sensors can be used to detect the water motions generated by a stationary vibrating sphere, the

vortices caused by an upstream cylinder or the water (air) movements caused by a passing object. The hydrodynamic information

retrieved from optical flow sensors can be used to calculate bulk flow velocity and thus the size of the cylinder that shed the

vortices. Even a bilateral sensor platform equipped with only one artificial lateral line canal on each side is sufficient to determine

the position of an upstream cylinder.

Introduction

Nature has invented a stunning diversity of sensory systems
whose small size and high sensitivity is so far unmatched by
man-made devices. Flow sensors based on hairs are located on
the skin and are found in crustaceans [1], as well as in spiders
and insects [2]. These sensors enable insects and spiders to
perceive air displacements down to flow amplitudes of 30 pm/s
[3]. Flow sensors are also found in fish and aquatic amphibians

and are called lateral line neuromasts. With neuromasts some

fish can detect water surface waves with a displacement ampli-
tude of only 0.01 um [4]. Most lateral line neuromasts are
located on the skin (superficial neuromasts or SN), but some are
located in subepidermal canals (canal neuromasts or CN).

A lateral line neuromast consists of up to several hundred or

even thousand mechanosensitive hair cells, enveloped in a

gelatinous cupula. Lateral line hair cells are morphologically
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polarized, i.e., they have a bundle of stereovilli at their apical
surface that grows longer from one edge to the other. Within the
sensory epithelium of a neuromast, lateral line hair cells are
oriented into two opposing directions that define the most sensi-
tive axis of the neuromast [5]. Although the design of the lateral
line can be quite different in different fish species [6], most fish
have several hundred (sometimes up to several thousand) SNs
distributed over their head, body and tail fin [7].

Fish use their lateral line for prey detection, predator avoidance,
schooling, intraspecific communication, rheotaxis and station
holding [8,9]. In addition, with the lateral line system fish can
form a spatio-temporal image of nearby objects based on their
hydrodynamic signature [10].

Lateral line afferents not only respond to the sinusoidal water
motions generated by a vibrating sphere [11,12] but also to
more natural stimuli, such as single vortices [13] or vortex
streets caused by a cylinder exposed to running water [14]. The
direction of water motions inside a vortex as well as the vortex
shedding frequency of a cylinder can be determined from the
responses of primary lateral line afferents [13,14]. Lateral line
nerve fibers also alter their discharge rate if an object passes the
fish laterally. In this case the discharge pattern reflects both the
position (including distance) of the object and the direction of

object motion [15].

The sensory hairs of crustaceans, insects and spiders and the
lateral line system of fish have inspired engineers to develop
artificial air [16] and water flow sensors [17-19] based on
microelectromechanical system (MEMS) technology. With
individual sensors, mimicking SN or sensory hair function, the
air or water motions caused by a vibrating sphere can be
detected [16], and, if arrays of multiple sensors are used, a
vibrating sphere can even be localized [17].

Nature alters the response properties of biological flow sensors
by altering their shape and size [20]. In case of the lateral line,
the canals also determine the response properties of the flow
sensors. In general, lateral line canals shield CNs from DC flow
[12]. In most fish species the course of the lateral line canals is
clearly visible to the naked eye since lateral line canals open to
the environment through a series of pores. In teleosts, CNs are
located halfway between neighbouring canal pores. Drag forces,
resulting from fluid motions induced inside the canal by pres-
sure fluctuation outside of the canal, stimulate CNs. In general,
CNs respond (up to a frequency of about 150 Hz) roughly in
proportion to the pressure gradient between neighbouring pores
and thus to the external water acceleration [21]. SNs respond
(up to about 80 Hz) roughly in proportion to the water velocity
[22].
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There have been several attempts to design an engineering
equivalent to the sensory hairs of insects and spiders [16,23]
and to the superficial neuromast system of fish. However, an
engineering equivalent of the fish lateral line canal system did
not previously exist, and therefore we have built artificial lateral
line canals (ALLCs) and equipped them with artificial neuro-
masts (ANs). Unlike the artificial neuromasts built by other
researchers, our neuromasts use optical signals to measure
water or air motions. With these optical flow sensors we
measured water (air) motions inside artificial canals and thus
we were able to quantify outside pressure gradients. The perfor-
mance of the ALLCs was assessed by exposing them, not only
to the pressure gradients caused by a stationary vibrating
sphere, but also to the vortical flows caused by a cylinder
placed upstream in running water. We show that ALLCs can
even be used to determine the position and size of an upstream
cylinder and to detect and localize a moving object.

Results

Experiment |

In experiment I we investigated whether ALLCs can be used to
detect object movements in air. To stimulate the ALLC, a
human finger was moved alongside the ALLC at a distance of
about 2 cm. The finger movement caused responses that had a
‘Mexican hat shape’, i.e., a decrease in voltage amplitude was
followed by an increase and another decrease (Figure 1). If the
direction of finger movement was reversed, the shape of the
response also reversed. A canal with only two neuromasts was
sufficient to determine the velocity of finger movement. If the
finger first passed AN one (ANj,), the response of AN two
(ANp) was delayed with respect to the response of ANa. Thus
artificial lateral lines (ALLs) equipped with only two neuro-
masts can not only be used to detect moving objects but can
also determine object velocity and roughly the direction of
object motion.

0' ' 1' . 2' ' 3' ' 4'
Time [s]

Figure 1: Responses of sensor platform | to a human finger that
moved alongside the ALLC with a velocity of about 20 cm/s. Arrows
indicate direction of finger motion. Responses of AN (upper graph)
and ANg (lower graph) are shown. Note that the responses were
inverted if the direction of finger motion was reversed.
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Experiment Il

To examine the performance of ALLCs in water, a vibrating
sphere (diameter 1 cm, p—p displacement amplitude 237 um,
vibration frequency 50 Hz, duration of vibration 200 ms) was
placed adjacent to the ALLC. Within the range of distances
tested (1 to 4 cm), the frequency of the voltage output of the AN
equalled the frequency of sphere vibration (Figure 2). As
expected [22], the output voltage of the AN decreased approxi-
mately with the third power of the sphere distance (see inset
Figure 2). With respect to sphere movement, the voltage output
of the AN was phase shifted by 90°.

4cm N
3cm MW\_
2em /\/\/\/—/\/\_
1cm
Stim.

1
1 2 3 4 5
Distance [cm]

20ms

—

Figure 2: A typical AN response to a dipole flow field. The sinusoidal
voltage used to drive the mini-shaker (bottom left) and the voltage
output of the AN exposed to the vibrating sphere (top 4 traces) is
shown. Distances between the ALLC and the vibrating sphere were 1,
2, 3 and 4 cm. The voltage output of the AN is plotted on the same
scale. Inset: Voltage output of the AN as a function of sphere to pore
distance. The fitting function (dashed line) is f(x) = 42.66 x~3-03, This
indicates a third order decrease of sensor output with increasing
sphere distance.

Experiment llla

This experiment tested whether ALLCs can be used to detect an
upstream cylinder exposed to running water. ANs responded to
such a cylinder with an oscillating voltage output (Figure 3A).
The Fourier spectra of these oscillations had a peak frequency
(Figure 3B) close to the calculated (see material and methods)
vortex shedding frequency (VSF) of the cylinder. When the
diameter of the cylinder was altered, this oscillation peak

Beilstein J. Nanotechnol. 2011, 2, 276-283.

shifted in the predicted (Equation 1) direction, i.e., with
increasing cylinder diameter the VSF decreased (Figure 3C).
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Figure 3: The response of an artificial CN exposed to the vortices
shed from a stationary cylinder (diameter 2 cm) (A) and frequency
spectrum of the response (B). Peak frequency (0.82 Hz) was similar to
the calculated vortex shedding frequency (0.98 Hz). (C) Measured
(black bars) and calculated (white bars) vortex shedding frequencies
for cylinders of different diameters.

Experiment Illb

In this experiment we tested whether ALLs can also be used to
localize an upstream cylinder. When the distance between the
ALLC and the cylinder was increased, the voltage output of the
AN decreased, but the upstream cylinder could still be detected
from a distance of 20 cm. When the cylinder was moved
perpendicular to the direction of bulk water flow, the responses
recorded from the ipsilateral ALLC were larger than the
responses recorded from the contralateral ALLC (cf. Figure 4).
In general, moving the cylinder to the left or right systemati-
cally changed the responses of the two ALLCs (Figure 4). Thus
by comparing the voltage output of the two ALLCs (Figure 5)
we could approximately determine the lateral position of the

cylinder.
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Figure 4: Responses of ANa (upper line in each graph) and ANg (lower line in each graph) (for AN and ANg see Figure 6A) to the vortices caused
by a cylinder (diameter 2 cm) placed at various positions upstream to the ALL. Note that response amplitudes decreased with increasing distance of
the cylinder and that the responses were more pronounced for the AN that was ipsilateral to the cylinder.

AN

AN

AN

AN

AN

Time [s]

Figure 5: Responses of AN4 to ANg (cf. Figure 6B) to bulk water flow.
Note that the most prominent peak visible in the response of AN is
systematically delayed from AN to ANg. The curves are not to scale
due to the manual fabrication of each AN.

Pore

Figure 6: Horizontal (left) and vertical (right) cross sections of plat-
forms Il (A) and IV (B) that were used for the present study. Black
squares indicate the positions of the ANs inside artificial lateral line
canals. Platform Ill housed two and platform IV housed eight ANs. The
length of pores (Lp) was 1 cm, the inter pore distance (Ls) was 1 cm
and the diameter of the canal (Dc) as well as the pore diameter (Dp)

was 3 mm in both devices.
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Determination of bulk flow velocity

To determine bulk flow velocity, the responses of all eight ANs
of sensor platform IV (cf. Figure 6B) were compared. If the
ALLC of sensor platform IV was exposed to running water, the
responses of all ANs showed characteristic peaks (e.g.,
Figure 7). Any particular distinctive part of the voltage output
(e.g., a peak) was first generated by the specific AN that was
located at the most upstream position. In ANs located more
downstream, this part occurred with delays that were propor-
tional to the downstream distance of the respective neuromast.
We calculated bulk flow velocity by cross correlating the output
data of neighbouring ANs (see also [24]) and dividing the pore
distance by the correlation delay. Mean bulk flow velocity was
determined using the calculated bulk flow velocities obtained

from 7 adjacent neuromast pairs.

@
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Figure 7: Velocity calculated with data obtained from AN¢ to ANg as
function of bulk flow velocity. Note that the fitting curve intersects close
to the origin (b = 0.05). Its slope (m) is larger than 1. This could be due
to vibrations or a crosstalk between adjacent ANs.

Discussion

There have only been a few attempts to design an engineering
equivalent to the sensory hairs of insects and spiders [16,23].
These sensors were used for air flow sensing and for aerial
acoustic perception [16,18]. Researchers also have built artifi-
cial lateral line neuromasts. Campenhausen et al. [19] built an
artificial SN that consisted of a needle that connected a plastic
blade (the artificial cupula) with a piece of paper that partly
intercepted a light beam. In standing water, this system was able
to sense vertically oriented metal bars while passing. Yung et al.
[25] built a monolithically integrated array of microfabricated
hot wire anemometers. The hot wires had a length of 400 pm,
an elevation of 600 pm and a spacing of 1 mm. This matches

the dimensions of many fish lateral lines. The anemometer
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system exhibited a sensitivity of about 200 um/s flow velocity,
a bandwidth of about 1 kHz, and, due to its small dimensions, a
reduced interference with the flow field and with the neigh-
bouring anemometers. Unfortunately, hot wire anemometers
cannot discern flow direction. As a result, they only provide a
rectified reading of oscillatory flow fields. Nevertheless, arrays
of hot wire anemometers were successfully used to determine
the location of a moving dipole source up to a distance
equalling the length of the sensor array, to access the signature
of a wake caused by an upstream object and to determine the
general direction to the location of that object [25]. Recently,
Yan et al. [17] built an ALL that consisted of superficial micro-
fabricated ANs wrapped around a cylinder. Each of the 15 ANs
consisted of a horizontal cantilever with a vertical hair (length
500 pm) attached at the distal end. At the fixed end of the
cantilever was a piezoresistor. Flow that impinged upon the
vertical hair created a bending torque that acted on the
cantilever to induce stress concentration at the site of the
piezoresistor. The induced change of resistance was converted
to a voltage and thus could be used to infer the local flow
velocity. Unlike sensors based on hot-wire anemometry, these
sensors were directional like lateral line neuromasts, i.e., along
their dominant axis they responded to water flow in both direc-
tions with equal sensitivity but with opposite polarity. The
detection limit for water flow was 100 um/s, a value compa-
rable to the fluid velocity detection thresholds of SNs (38 to 60
pm/s [26,27]).

Some researchers [28-30] have also studied the filter properties
of ALLCs. To do so they measured optically particle displace-
ments inside ALLCs in relation to particle displacements in the
outside medium. According to these studies, particle displace-
ments inside ALLCs are related linearly to those in the medium.
Below 80 Hz, the ratio of particle displacement inside the canal
to particle displacement in the medium roughly followed the
velocity in the medium. Water displacements in the ALLC were
proportional to the component of the external velocity parallel
to the canal. If a cylinder is placed near to an ALLC, an exter-
nally exposed flow induces complicated flow patterns inside the
canal that depended on the position of the cylinder relative to
the ALLC [30]. There was little mechanical coupling between
neighbouring parts of the canal.

The present study is the first to measure the performance of
ALLCs equipped with optical ANs. This has enabled us to illus-
trate the potential of optical ANs and of biomimetic ALLCs. In
general, ALLCs can be used to measure and quantify air and
water motions, but due to the different Reynolds numbers,
larger flow speeds are needed in air compared to water to obtain
a signal. In comparison with a pure SN-system, a canal system

has several advantages: 1) Sensors situated in canals are not
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exposed to the external environment, thus they cause minimal
interference to the external flow field; 2) the sensors are
protected from the external environment and thus are less prone
to physical damage; 3) the sensitivity, frequency response and
dynamic amplitude range of ALLCs can easily be altered by
changing canal morphology (e.g., the number, size and place-
ment of canal pores, canal diameter, and canal compartmental-
ization) [31] and 4) by building artificial canals that have tubuli
[6], the mechanical filter properties of ALLCs can be further
altered in a predictable manner [32].

With the aid of ALLCs equipped with optical flow sensors, we
were able to detect sinusoidal water motions. The responses
were phase shifted by about 90°, i.e., as expected [22] the
ALLC acted as a differentiator. According to the flow field
equations [21], at a distance of 4 cm from a vibrating sphere
(1 cm diameter, 50 Hz, 237 pm p—p sphere displacement) the
tangential flow amplitude is about 4 pm/s (about 12.7 nm dis-
placement). Thus a sinusoidal signal with this amplitude could
be detected with our ALLCs. Besides a stationary vibrating
sphere, the ALLCs responded to linear object motions and to
the vortices shed by a cylinder. A stationary sensor platform
equipped with two ALLCs (one on each side) was sufficient to
determine the approximate upstream position of a cylinder. And
a canal equipped with at least two ANs could determine bulk
flow velocity. If the variables bulk flow velocity and vortex-
shedding frequency are known, then the size of the cylinder can
also be calculated (cf. Equation 2).

According to a recent study an artificial cupula made out of
hydrogel can improve the performance of artificial sensory hairs
(ANs) by about two orders of magnitude. Minimal thresholds
were as low as 2.5 um/s [33]. Thus, one should be able to
increase further the sensitivity of ALLCs by attaching artificial
cupulae to the artificial CNs.

Overall, our study shows that ALLCs equipped with optical
flow sensors are effective for the detection and quantification of
aerial or aquatic stimuli. ALLCs could potentially provide
unprecedented sensing and control functions to underwater
vehicles and platforms. If so they may be useful for guiding
autonomous vehicles (in both air and water), tracking and iden-
tifying wake generators and for the measurement of air and
water movements in pipes and canals. To improve the perfor-
mance of ALLCs, one important step will be to reduce the size
of the optical ANs using MEMS technology. This is currently
being done in cooperation with the center for advanced studies
(caesar) in Bonn. Smaller sensors will allow us to build smaller
canal systems and thus to miniaturize the sensor platforms.
Finally, the development of ALLs will facilitate fundamental
studies on the fish lateral line.
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Experimental

Sensor platforms

Half canals were milled inside opaque PVC plates. Two mirror
inverted PVC plates were screwed together thereby forming a
sensor platform that contained ALLCs. Four sensor platforms
were built. Type I had a single linear canal that consisted of 3
segments and 4 canal pores (length Ls = 12.5 mm, pore length
Lp = 5 mm, canal diameter Dc = 4 mm, pore diameter Dp =
4 mm, for definitions see Figure 6). Type II had a single linear
canal that consisted of only one segment (Ls = 30 mm, Lp =
10 mm, Dp = 4 mm, Dc = 4 mm) with 2 canal pores. Type III
had two linear canals (one on each side; cf. Figure 1A), each of
which consisted of 2 segments and 3 pores (Lc = 10 mm,
Lp =5 mm, Dc =3 mm, Dp = 3 mm) and type IV had one linear
canal that consisted of 8 segments and 9 canal pores (Lc =
10 mm, Lp = 5 mm, Dc = 3 mm, Dp = 3 mm; cf. Figure 1B).

Artificial canal neuromasts

ALLCs were equipped with artificial canal neuromasts (artifi-
cial CNs). To build artificial CNs, transparent silicone bars
(Wacker Silicones, Elastosil RT 60) were fabricated (length <
Dc, width 0.4-1.0 mm) and installed inside each ALLC
segment (cf. Figure 8). The density of the silicone bars was
comparable to the density of water to ensure that only the
motion of the fluid affected the bending of the bar. For the
detection of canal fluid motion, one end of each silicone bar
was illuminated with an infrared light emitting diode (LED,
SFH420). Light, leaving the opposite end of the silicone bar,
illuminated an optical fiber that was connected to a SMD photo-
transistor (PT15) (cf. Figure 8) and the output was amplified
(transistor BC547). A potentiometer (100 kQ) was placed
between the emitter of the transistor and earth. The transistor
output was fed into an AD converter (Power 1401, sampling
rate 1 kHz) and stored on a computer (Optiplex 745, Dell).
Pressure gradients between canal pores caused water (or air)
flow inside the ALLCs that in turn deflected the silicone bars.
In the absence of a stimulus, the silicone bars were not perfectly
vertically oriented (0°) but instead were slightly deflected to
one side (at about 10°, cf. Figure 8). The degree of deflection

Coated photo
s transistor

%
Silicon bar

Canal /

lumen

Optical fibres

~———=2— Canal wall

>

Coated IR diode

Figure 8: Scheme of an artificial CN. The drawing is not to scale.
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modulated, i.e., increased (flow in one direction) or reduced
(flow in the opposite direction), the amount of light that reached
the SMD phototransistor. Thus, the artificial CNs were direc-
tionally sensitive.

Test of sensor performance
To test the performance of the sensor platforms, four experi-

ments were performed:

Experiment |

Sensor platform I (not shown) was used. A human finger
moving in air alongside the platform (the ALLC) served as a
stimulus source.

Experiment Il

Hydrodynamic stimuli were generated with a vibrating sphere
(diameter 1 cm, 50 Hz, 237 um peak to peak displacement) that
was attached to a stainless steel rod (length 10 cm, diameter
1.6 mm). The rod was mounted on a mini-shaker (Ling
Dynamic System LTD, model V 101) that rested on a sliding
bar assembly allowing for manual adjustment of the sphere dis-
tance to the type II sensor platform (also not shown). The
sphere was positioned at the height of the ALLC midway
between two canal pores. The distance between the surface of
the sphere and the sensor platform was 1, 2, 3 or 4 cm. The
vibration direction of the sphere was parallel to the long axis of
the ALLC.

Experiment Ill

The sensor platform was submerged in a flow tank that had a
cross section of 10 x 15 cm? and a water depth of 12 cm. It
contained a flow collimator upstream of the working section
holding the sensor platform. Flow (7.9 cm/s) was produced by a
propeller (Schottelantrieb Aeronaut 100) coupled to a d.c. motor
(Conrad Electronic) that was driven by a power supply (Volt-
craft DIGI 35, Conrad Electronic). The propeller was suspended
from a holder on the side of the tank opposite to the section that
housed the sensor platform. For experiment III sensor platform
IIT (cf. Figure 6B) was used.

Experiment llla

The sensor platform was positioned horizontally in the middle
of the working section of the flow tank. In this way both canals
of the platform were exposed to bulk water flow. To generate
vortices, a half-cylinder (diameter 1.5 cm, hereafter referred to
as the cylinder; Reynolds number 1200) was placed vertically in
the working section of the flow tank. The distance between the
cylinder and the upstream edge of the sensor platform was 5,
10, 15 or 20 cm. The lateral distance of the cylinder with
respect to the midline of the sensor platform was —3, =2, -1, 0,
+1, +2 or +3 cm.
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Experiment llib

One side of sensor platform III was attached to the wall of the
flow tank, i.e., only one canal was exposed to bulk water flow.
Cylinders with a diameter of 1, 2 or 3 cm were placed 10 cm
upstream from the sensor platform. The lateral distance between
the cylinders and the midline of the sensor platform was 2.5 cm.

Experiment IV

Sensor platform IV was used (cf. Figure 6B). A cylinder (diam-
eter 2 cm) was placed 10 cm upstream from the sensor platform.
The in-plane curved head (radius 1.5 cm) of the platform served
to minimize any fluctuations that may have been caused by the
upstream edge of the sensor platform. Bulk flow velocity was
varied between 3.3 and 12.4 cm/s.

The generation of defined vortex streets

Over a certain range of Reynolds numbers (typically above
140), a cylinder placed in running water will generate a Karman
vortex street. The frequency of vortex detachment (f) is a func-
tion of the Strouhal number S; (a dimensionless index), the

diameter d of the cylinder and the actual flow velocity (v) [34]:

f=S-vid ()

The Strouhal number for the cylinder depends on the Reynolds
number; however, it remains at an almost constant value of 0.2
for Re > 2000 [33]. To account for flow constrictions near the
cylinder due to blocking effects, the VSF was calculated using
the actual flow velocity (v) in the region of the cylinder,
according to a method typically used for vortex flow meters
[35,36]:

v=U-W /W ~-d) @)

where (U) is the nominal flow velocity (7.9 cm-s™!

iments) and W the width of the flow tank (10 c¢m). For the
experiments a Reynolds number between 800 and 2400, based

in our exper-

on the diameter of the cylinder, was chosen.

Bulk flow velocity was measured with particle image
velocimetry (experiment 1, 2, and 3, cf. [37]) or with an
impeller (P670).
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Abstract

The slippery zone in pitchers of the carnivorous plant Nepenthes alata bears scattered prominent lunate cells and displays contin-
uous epicuticular crystalline wax coverage. The aim of this study was to examine the influence of the surface anisotropy, caused by
the shape of lunate cells, on insect attachment ability. Traction tests with ladybird beetles Coccinella septempunctata were
performed in two types of experiments, where surface samples of (1) intact pitchers, (2) chemically de-waxed pitchers, and (3) their
polymer replicas were placed horizontally. Beetle traction forces were measured when they walked on test surfaces in either an
upward (towards the peristome) or downward (towards the pitcher bottom) direction, corresponding to the upright or inverted posi-
tions of the pitcher. On intact pitcher surfaces covered with both lunate cells and wax crystals, experiments showed significantly
higher forces in the direction towards the pitcher bottom. To distinguish between the contributions, from claw interlocking and pad
adhesion, to insect attachment on the pitcher surfaces, intact versus claw-ablated beetles were used in the second type of experi-
ment. On both de-waxed plant samples and their replicas, intact insects generated much higher forces in the downward direction
compared to the upward one, whereas clawless insects did not. These results led to the conclusion that, (i) due to the particular
shape of lunate cells, the pitcher surface has anisotropic properties in terms of insect attachment, and (ii) claws were mainly respon-
sible for attachment enhancement in the downward pitcher direction, since, in this direction, they could interlock with overhanging

edges of lunate cells.

Introduction

Pitcher-shaped trapping organs produced at the tips of tendrils
are characteristic for carnivorous plants from the genus

Nepenthes [1,2]. These traps, using a passive pitfall mechanism

for capturing, mainly, invertebrates, consist of several
functional zones specialized for prey attraction, capture,

retention, digestion, and uptake of nutrients [3-6]. During the
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past few decades, different aspects of Nepenthes biology,
among them the structure and functions of pitchers,
especially with respect to their trapping efficiency, have been
the focus of numerous structural and experimental studies and
field observations (review in [7]). For example, the importance
of the pitcher rim, the peristome, for initial prey capture
due to its specific microstructure combined with both surface
hydrophilicity and secretion of hygroscopic nectar, was recently
discovered [8-11]. In addition, the digestive fluid collected
in the lower part of the pitcher was recently found to be
highly viscous thus preventing trapped insects from escaping
[12,13].

Although the slippery zone, situated inside the pitcher just
below the peristome in the majority of Nepenthes species, was
recognised long ago as an important structure for insect trap-
ping and retention, due to its particular downward-directed
lunate cells and thick crystalline wax coverage [14-16], the
contribution of the microstructure to the anti-adhesive function
of this surface is still being actively discussed. Numerous
studies were recently performed to investigate the micromor-
phology, chemistry, properties of pitcher waxes, and their effect
on insect attachment ability in several Nepenthes species (e.g.,
[17-26]). Using different experimental approaches, the authors
explained the prevention of insect adhesion via contamination
of adhesive pads by wax crystals and/or reduction of the real
contact area caused by surface micro-roughness [19,22,25,26].
Also, due to the fragile and brittle nature of wax crystals and
their small dimensions, insects cannot apply their claws for
interlocking with crystals in order to climb up the pitcher wall
[22,25,26].

As for the potential role of lunate cells in hindering insect
attachment, the effect of surface anisotropy caused by
these cells was postulated for the first time more than a
century ago [15,27]. The authors suggested that these cells
should be turned upside down to allow claw clinging by
insects. However, the experiments performed by Knoll [15]
could not show such an effect on insect locomotion. Whereas
the morphology, distribution and origin of lunate cells,
considered to be transformed stomatal guard cells, were later
widely discussed in the literature [16,17,26,28,29], the
experimental study to test the above hypothesis was only
recently carried out. It was found that ants Iridomyrmex
humilis moved faster and escaped more successfully when
de-waxed pitchers of N. alata were inverted [18]. What still
remains unclear is (1) the effect of the surface anisotropy of
intact plant surfaces on insect attachment and (2) the contact
mechanism responsible for this effect, although these issues
have been repeatedly raised in discussions by recent authors
(e.g., [25,26]).
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This study was undertaken in order to directly examine the
influence of the lunate cells causing surface anisotropy in the
slippery zone on insect attachment force. We performed trac-
tion tests with ladybird beetles Coccinella septempunctata (L.)
in two different experiments on (1) intact pitchers of N. alata
Blanco, (2) de-waxed pitchers, and (3) their polymer replicas.
Forces on tethered beetles were measured when they walked in
the upward (towards the peristome) or downward (towards the
pitcher bottom) directions corresponding to the upright or
inverted positions of the pitcher. In order to distinguish between
the contribution from claw interlocking and from adhesion
using tarsal adhesive pads to insect attachment on these
surfaces, the performances of intact and clawless (the claws
were amputated) beetles were compared in the second experi-

ment.

Results
Structure of test surfaces and insect attach-

ment organs

The intact slippery zone of the N. alata pitcher bears relatively
large, prominent lunate cells scattered between tabular
epidermal cells and microscopic epicuticular wax crystals on
top of both cell types (Figure 1A and Figure 1D). Numerous
lunate cells (477.3 £ 46.02 per mm2, N = 3) are regularly
distributed singly over the surface, whereas wax crystals form a
continuous coverage. Lunate cells have a special crescent shape
with their ends pointed toward the pitcher bottom (Figure 1A,
Figure 2A and Figure 2C). The exposed upper side of the cell is
sloped towards the pitcher mouth so that the lower cell margin
becomes prominent and hangs over the adjoining cell
(Figure 2B). Data on lunate cell dimensions and their distribu-
tion over the surface are given in Figure 2. These cells are re-
sponsible for the anisotropic surface relief of up to 10 um in
height, whereas crystalline wax coverage creates an additional
roughness in the range of about 1 um.

De-waxed pitcher samples and their polymer replicas displayed
a very similar surface structure with a clear pattern of lunate
cells (Figure 1B and Figure 1C). Wax crystals were completely
removed by chloroform and the surface of lunate cells, as well
as areas between them, became smooth (Figure 1E and
Figure 1F). These samples additionally showed some waviness
caused by the corrugation of tabular epidermal cells due to the
drying process.

The tarsus of the C. septempunctata beetle ends distally
with two ventrally curved claws having tip diameters of
3.7 £ 0.64 um (N = 10, Figure 3). Attachment pads belong to
the hairy type of locomotory organs in insects. Pads and types
of adhesive setae in this beetle species have been previously
described in detail by [30].
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Figure 1: Cryo-SEM micrographs of intact Nepenthes alata pitchers (A, D) and SEM micrographs of de-waxed pitcher samples (B, E) and their
polymer replicas (C, F) used for traction experiments. LC: lunate cells; WC: wax crystals. White arrows indicate direction to the pitcher bottom. Scale
bars = 50 um (A-C), 2 ym (D), 10 um (E, F).

Figure 2: Morphometrical variables and distribution of lunate cells
measured in SEM micrograph of a de-waxed surface (A) and cryo-
SEM micrographs of an intact surface (B, C) of the slippery zone in
Nepenthes alata pitchers: a = 19.53 + 3.92°, 3 = 68.12 + 17.01°,
C=6.95+1.46 pm, H=9.41+2.08 ym, L =35.51 £ 6.02 ym,
W=7.21+1.01 pm, X =84.90 £ 29.39 pm, Y =51.16 £ 16.05 pm,

N =10-20. A, C: Top view of the surfaces. B: Fractured sample, used

to measure variables a and B (angles between the exposed side of the Figure 3: SEM micrographs of the distal part of the tarsus in the
lunate cell and its adjoining sides). White arrowheads indicate direc- Coccinella septempunctata beetle. Inset shows magnified claw tip,
tion to the pitcher bottom. Scale bars = 20 um. [B: courtesy of M. Benz where the white inscribed circle was used to measure the diameter of
(Department of Functional Morphology and Biomechanics, Zoological the claw tip. CL: claws; D: diameter of the claw tip. Scale bar = 50 pm.
Institute, Christian Albrecht University of Kiel, Germany).] Scale bar of the inset = 5 um.
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Traction forces of beetles on different surface

samples

On intact pitcher surfaces bearing both lunate cells and epicutic-
ular crystalline waxes, traction forces of insects were drasti-
cally reduced compared to those measured on a glass sample
(glass versus pitcher upward: t = 6.400; glass versus pitcher
downward: t = 6.045, d.f. = 14, p < 0.001, paired t-test)
(Figure 4A, Table 1). Beetles showed significantly lower force
values when they moved in the upward direction compared to
the downward one (upward versus downward: t = —4.271,
d.f. = 14, p < 0.001, paired t-test).

Beilstein J. Nanotechnol. 2011, 2, 302-310.

In experiments with treated de-waxed pitchers and their
replicas, insects both intact and clawless generated statistically
different forces on tested surfaces, with forces on glass being
higher and more variable than on other substrates (intact:
Hy 74 = 30.033; clawless: Hy 74 = 38.003, p < 0.001,
Kruskal-Wallis one way ANOVA on ranks) (Figure 4B and
Figure 4C, Table 1).

Intact beetles exhibited high traction forces in the downward
direction than in the upward one in both cases, on de-waxed
pitchers and their replicas (de-waxed pitcher, upward versus
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Figure 4: Results of traction force tests with Coccinella septempunctata beetles on different surfaces. (A) Experiments with both pitchers and insects
intact. (B) Experiments with intact insects on de-waxed pitchers and their replicas. (C) Experiments with clawless insects on de-waxed pitchers and
their replicas. Arrows pointing up indicate movement toward the pitcher peristome; arrows pointing down indicate movement towards the pitcher

bottom.

Table 1: Traction forces (in mN) generated by Coccinella septempunctata beetles.

experiment surface and run direction

both intact pitchers and
beetles

glass
intact pitcher upward
intact pitcher downward

intact beetles on de-waxed
pitchers and their replicas

glass

de-waxed pitcher upward
de-waxed pitcher downward
replica upward

replica downward

clawless beetles on de-waxed
pitchers and their replicas

glass

de-waxed pitcher upward
de-waxed pitcher downward
replica upward

replica downward

mean value st. dev. N

7.56 4.282 30
0.29 0.220 15
1.20 0.721 15
9.17 3.868 15
5.78 3.252 15
7.58 1.711 15
3.00 1.843 15
5.65 2.050 15
2.27 1.854 15
1.68 1.486 15
1.29 0.614 15
0.51 0.315 15
0.51 0.229 15
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downward: t =—2.327, p = 0.036; replica, upward versus down-
ward: t =—3.060, p = 0.003, d.f. = 14, paired t-test) (Figure 4B,
Table 1). In experiments with these beetles, forces on polymer
replicas were lower compared to those on de-waxed pitchers
(de-waxed pitcher upward versus replica upward: t = 4.006,
p = 0.001; de-waxed pitcher downward versus replica down-
ward: t =2.834, p = 0.013, d.f. = 14, paired t-test).

Tests with clawless insects showed no significant differences in
force values between upward and downward directions on
either de-waxed plant samples or replicas (de-waxed pitcher,
upward versus downward: W = —14.000, T+ = 53.000,
T—=-67.000, p = 0.720, Wilcoxon signed rank test; replica,
upward versus downward: t = 0.079, d.f. = 14, p = 0.938, paired
t-test) (Figure 4C, Table 1). Just as in experiments with intact
insects, clawless ones also produced lower forces on replicas
than on de-waxed pitchers (de-waxed pitcher upward versus
replica upward: W = —116.000, T+ = 2.000, T— = —118.000,
p <0.001, Wilcoxon signed rank test; de-waxed pitcher down-
ward versus replica downward: t = 4.966, p < 0.001, d.f. = 14,
paired t-test).

Discussion
Texture of natural and artificial pitcher

surfaces

As in many other Nepenthes species, the slippery zone of N.
alata represents a hierarchically structured surface created by
the combination of several structural elements: Idioblasts
(lunate cells) between tabular epidermal cells and superim-
posed crystalline wax coverage [31]. Pitchers lacking both
lunate cells and wax were found only in a few species from this
genus, such as N. ampularia [29], N. bicalcarata [8,16,32-35],
N. rafflesiana [13,36], and N. veitchii [37].

The slippery zone in test pitchers displayed a surface
morphology typical for N. alata and is described in detail in a
series of recent studies [18,20,22,24-26]. Lunate cells in our
pitcher samples were 1.5 times shorter than and half as wide as
those reported in [26]. The heights of prominent margins of
lunate cells were only 70% of those measured previously,
whereas the density of cells exceeded twice the previously
reported one. Here, we do not discuss the complex structure of
the wax coverage. It is only important to note that the shapes,
dimensions, and arrangement of uppermost wax crystals were in

line with those previously observed.

De-waxed pitcher samples and their replicas had slightly
corrugated surfaces with interspersed lunate cells, but still
rather smooth at the micrometer scale. Similarly to previously
reported data [18], no strong geometric artefacts in the pitcher

surface, caused by the chloroform treatment, were found.
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Only some small changes in the increased waviness of the
surface in de-waxed samples and their replicas were observed
compared to the intact pitchers. Taking into account the rela-
tively low height and aspect ratio of this waviness, it seemed to
have no effect on the anisotropic properties of plant surfaces as
discussed below.

Anisotropy effect on insect attachment

Insect attachment ability in the slippery zone of the N. alata
pitcher was previously studied in experiments designed to test
the anti-adhesive effect of the wax coverage. It was shown in
behavioural experiments that intact surfaces covered with wax
crystals hindered the locomotion of ants Iridomyrmex humilis,
as compared to de-waxed pitchers [18]. Traction experiments
[22] demonstrated a significant reduction in the force generated
by beetles Adalia bipunctata on two wax layers, as compared to
both de-waxed pitchers and smooth hydrophilic glass used as a
control. In slightly modified traction tests with locusts Locusta
migratoria, forces on the pitcher surface were smaller than
those on the smooth steel reference plate [26]. In all these
studies, insects were tested walking in the upward direction of
the pitcher.

Our present data on beetles walking in both upward and down-
ward directions on the intact pitcher are consistent with the
results of previous authors and also show drastically decreased
traction force on wax-bearing surfaces compared to those
measured on smooth glass. The decrease of insect attachment
ability on the waxy pitcher surface can be explained by contam-
ination of adhesive pads with wax crystals [1,2,19,22] and by
reduction of the real contact area between the surface and insect
attachment organs due to the surface micro-roughness
[18,22,25,26]. A recently proposed model of the interactions of
N. alata pitcher surface with insect pads and claws demon-
strated that both stick insects Carausius morosus and ants
Lasius niger can apply neither their pads nor claws for attach-
ment to the crystalline wax surface with such a micro-rough-
ness [25]. Due to the assumed mechanical stability of wax crys-
tals, the hindering of insect attachment is explained solely by
the reduction of the contact area caused by the surface micro-
roughness. However, our previous theoretical study on the frac-
ture behaviour of wax crystals, based on data on the crystal
geometry in seven plant species and data on the mechanical
properties of plant waxes, shows that crystals with very small
cross sections and high slenderness ratios can break under the
weight of middle-sized or even small-sized insects [38]. These
results can also be applied to platelet-shaped crystals in
Nepenthes plants.

Force measurements on insects running in different directions

(upward versus downward) on the intact pitcher surface were
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performed here for the first time. In spite of the general large
reduction of insect attachment ability on waxy surfaces, we
detected a significant difference between forces generated in
different directions: Beetles performed more strongly moving
downwards than upwards. Similar results were obtained in tests
with intact beetles on de-waxed pitchers and their polymer
replicas, where force values were higher than on intact plant
surfaces. These data concur with previous findings showing that
ants Iridomyrmex humilis climbed up the surface much more
successfully and faster on inverted de-waxed pitchers [18]. In
unprecedented tests with clawless beetles, conducted to confirm
experimentally the contribution made by claws in clinging to
the pitcher surface, no differences between traction forces
measured in different directions of the pitcher were found on
either de-waxed pitchers or their replicas. This result indicates
to us the principal role of claws in interlocking to inverted
lunate cells. Furthermore, the slippery effect of the pitcher in
the upright position is partially due to the failure of claw inter-
locking.

According to [39], successful attachment of an insect by claw
interlocking is provided when the diameter of the claw tip is
smaller than the size of surface asperities (or cavities). Since the
height of overhanging edges in lunate cells (> 9 pm) exceeds
the claw tip diameter (about 4 pm) in the tested beetle species,
sufficient attachment of the beetle to the slippery zone should
occur. This effect was observed in the present study in the
experiments with intact insects on inverted surfaces, where
inverted lunate cells served as anchorage sites for claws.
Moving in an upward direction, as in a natural situation where
an insect tries to escape from the pitcher, the beetles were
unable to employ their claws, because of the downward orienta-
tion of the overhanging cell edges. Thus, the anisotropic
morphology of the lunate cells causes the anisotropic tribolog-
ical properties of the slippery pitcher zone. The effect of cell
shape on the prevention of claw anchorage has also been previ-
ously reported for another pitcher surface, the peristome [8],
where insect locomotion is also promoted in the downward

pitcher direction and prevented in the upward one.

Since de-waxed pitchers and polymer replicas showed very
similar topographies, better performance of beetles on de-waxed
pitcher surfaces than on their replicas may be explained by the
different mechanical and physicochemical properties of both
substrates. We surmise that the softer and more compliant ma-
terial of the plant tissue promotes insect interlocking due to
casier indentation of claw tips into a softer substrate. This effect
is reinforced by the higher surface energy of de-waxed plant
samples (compared with epoxy replicas) presumably leading to
some increase in pad adhesion. In an experimental study on

frictional properties of the adhesive pads of locusts Oedaleus
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infernalis on several artificial substrates having similar rough-
ness but different stiffness, lower insect attachment ability on
zinc plates (stiff) compared to polyvinyl chloride substrates
(soft) was also demonstrated [40].

Based on the data presented here, we may conclude that, due to
the particular shape of the lunate cells, the slippery pitcher zone
has anisotropic frictional properties in terms of insect attach-
ment. Claws are primarily responsible for attachment enhance-
ment on inverted pitchers, since they could interlock with the
overhanging edges of the lunate cells. Due to the failure of the
claw interlocking on upright pitchers, insects can slide more
easily inside the pitcher. In intact pitchers, the latter effect is
reinforced by a strong reduction of adhesion by adhesive pads

due to the crystalline wax coverage.

Outlook: biomimetic potential and implemen-

tation

The anisotropic properties of the slippery zone in N. alata
pitchers and their polymer replicas make these surfaces suitable
as possible prototype materials for technical implementations
requiring frictional anisotropy. Possible applications range from
braking systems of cars to haptic security signs in banknotes.
There is only very limited information on the anisotropic tribo-
logical properties of natural surfaces in general, and the present
paper opens a new field in the biomechanics and biomimetics of
this kind of system. Here, we were able to establish the first
artificial prototypes of anisotropic surface structures by a two-
step replicating process. In the framework of a joint project
within the DFG priority program SPP 1420, whose members
include the Department of Functional Morphology and Biome-
chanics at the University of Kiel and the Institute for Chemistry
at the University of Osnabriick, the hierarchical structure of the
slippery zone is currently being analysed at different levels of
organization, in order to use estimated geometrical variables to
mimic the surface in technical materials using various available
micro- and nanofabrication technologies. The moulding tech-
nique applied here has clearly demonstrated that the structural
anisotropy of a certain dimension affects the frictional
anisotropy (at least for crawling insects). However, the imple-
mentation of such anisotropy in industrial polymer foils, espe-
cially on a large production scale, still remains a rather chal-
lenging task.

Experimental

Plant and insect species

Mature upper pitchers of the tropical pitcher plant N. alata were
harvested from plants grown in the greenhouse of the Botanical
Garden at the University of Hohenheim (Stuttgart, Germany)
and kept in plastic bags in a refrigerator for the duration of the

experiments.
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Seven-spotted ladybird beetles C. septempunctata were used in
traction experiments because of their appropriate size (6—8 mm
in body length), availability, and robustness in traction experi-
ments. The capture of coleopteran insects by pitchers of several
Nepenthes species has been previously reported [3,4,6]. Adult
beetles were collected from plants along roadsides near Kron-
shagen (Germany). They were kept in small ventilated cages at
a temperature of 22-24 °C and relative humidity of 60-75% for
four days and fed with a weak solution of honey in tap water.
Water was changed daily and the cages were sprayed with water
twice a day.

Test surfaces

Three types of substrates were used for traction tests with
insects: (1) intact slippery zone of N. alata pitchers, (2)
de-waxed slippery zone, and (3) polymer replicas of the
de-waxed slippery zone.

Three strips, each 7-8 cm long and 1.5-2 cm wide, were cut
with a razor blade from the slippery zone of three pitchers from
three Nepenthes plants and directly used in the first type of
experiments. Three other similar strips, cut from the same
pitchers, were rinsed for 20 s in warm chloroform to remove the
crystalline wax coverage from the surface, air dried and used as
(i) de-waxed pitcher samples and (ii) for making high-resolu-
tion polymer replicas of this surface. Replicas were addi-
tionally used because treatment of plant surfaces with chloro-
form leads to the removal not only of epicuticular waxes, but
also intracuticular ones and therefore changes the chemical and
physical properties of the plant surface [21]. To eliminate these
effects on insect attachment and examine the contribution of
surface topography, we prepared replicas of the de-waxed
pitchers and tested them together with de-waxed plant samples
in the second type of traction experiments. Replicas were
obtained by applying the two-component dental wax (Colténe
President light body, Colténe Whaledent Dentalvertriebs Ltd.,
Konstanz, Germany) and Spurr resin [41] according to the two-
step moulding method [42].

Microscopy

The microstructure of the above described intact and de-waxed
pitcher samples was studied by scanning electron microscope
(Hitachi S-4800, Hitachi High-Technologies Corporation,
Tokyo, Japan) equipped with a cryo-preparation system (Gatan
ALTO 2500 cryo-preparation system, Gatan Inc., Abingdon,
UK). The cryo-SEM method employed for studying intact
pitcher samples was previously introduced in detail [24].
De-waxed pitcher samples and their polymer replicas were
examined using a conventional SEM method as described in
[22]. Morphometrical variables of the surface structures, such as
lunate cell width ¥, length L, and height C of the span in the
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pendent cell margin, height H of the prominent cell margin rela-
tive to the adjoining cell, slopes of two free cell sides o and f3,
as well as intervals between lunate cells in vertical Y and side X
directions (Figure 2) were measured from digital images using
SigmaScan Pro 5 software (SPSS Inc., Chicago, USA). Addi-
tionally, the density of lunate cells on the surface was estimated.

The attachment organs of beetles were studied in the SEM at an
acceleration voltage of 3 kV. For this purpose, insects were air-
dried, mounted with their dorsal side to aluminium holders,
sputter-coated with gold-palladium (thickness 6 nm), and exam-
ined in SEM, as described above. The diameter of the claw tip
(D) was estimated from digital images (Figure 3) using

SigmaScan Pro 5 software according to [39].

Traction experiments

Traction force measurements were performed with both male
and female beetles (see [30] for a detailed method description).
Two types of experiments were carried out with tethered beetles
on horizontally placed substrates. Firstly, traction forces were
measured on intact pitcher surfaces while intact insects walked
either upwards (towards the peristome) or downwards (towards
the pitcher bottom) corresponding to the upright or inverted
positions of the pitcher. The test on a smooth hydrophilic glass
surface, used as a reference substrate, was carried out prior to
each test on the plant surface, in order to eliminate disabled
insects and select only strong healthy ones for experiments. To
exclude the effect of possible contamination of insect attach-
ment organs by wax crystals on the force measured, the second
experiment on the pitcher surface (in the opposite pitcher direc-
tion) was executed after the beetles had recovered overnight

from the first experiment performed on the pitcher surface.

In the second type of experiment, we compared the perfor-
mances of intact insects with those of insects having amputated
claws. With each individual insect, two sets of tests were
performed on the following, horizontally placed, substrates: (1)
Smooth solid glass plate; (2) de-waxed pitcher surface in the
upward (towards the peristome) running direction; (3) de-waxed
pitcher surface in the downward (towards the pitcher bottom)
running direction; (4) polymer replica of the de-waxed pitcher
surface in the upward running direction; (5) polymer replica of
the de-waxed pitcher surface in the downward running direc-
tion.

Tests on a glass surface were always conducted first for the
same reason as in the first type of experiment. The use of the
other surface samples was randomized to avoid any systematic
artefacts due to testing the surfaces in a given order. At first, we
tested intact insects on the five substrates mentioned above. The

claws were then amputated and, after overnight recovery, the
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same insects were used in the second set of experiments. For
claw amputation, the beetles were narcotised with CO, for
about 1 min, and then the claws were excised with small

Scissors.

The force-time curves obtained were used to calculate the
maximal traction force of individual beetles. Tests were
performed at a room temperature of 22-24 °C and 55-60% rela-
tive humidity. Fifteen beetles were tested in each type of experi-

ment. In all, 210 force measurements were carried out.

Data are presented in the text as a mean value + standard devia-
tion. Kruskal-Wallis one way ANOVA on ranks was used to
evaluate the differences in traction force values between sub-
strate samples (software SigmaStat® 3.1.1, Systat Software Inc.,
Richmond, California, USA). To compare forces between
upward and downward running directions and between
de-waxed pitchers and replicas, data were statistically analysed
using paired t-test and Wilcoxon signed rank test (software
SigmaStat® 3.1.1).
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