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In this study, we have investigated the micro- and nano-structuring and con-

taminant adhesional forces of the outer skin layer of the ground dwelling

gecko—Lucasium steindachneri. The lizard’s skin displayed a high density of

hairs with lengths up to 4 mm which were spherically capped with a radius

of curvature typically less than 30 nm. The adhesion of artificial hydrophilic

(silica) and hydrophobic (C18) spherical particles and natural pollen grains

were measured by atomic force microscopy and demonstrated extremely low

values comparable to those recorded on superhydrophobic insects. The lizard

scales which exhibited a three-tier hierarchical architecture demonstrated

higher adhesion than the trough regions between scales. The two-tier roughness

of the troughs comprising folding of the skin (wrinkling) limits the number

of contacting hairs with particles of the dimensions used in our study. The

gecko skin architecture on both the dorsal and trough regions demonstrates

an optimized topography for minimizing solid–solid and solid–liquid particle

contact area, as well as facilitating a variety of particulate removal mechanisms

including water-assisted processes. These contrasting skin topographies may

also be optimized for other functions such as increased structural integrity,

levels of wear protection and flexibility of skin for movement and growth.

While single hair adhesion is low, contributions of many thousands of individ-

ual hairs (especially on the abdominal scale surface and if deformation occurs)

may potentially aid in providing additional adhesional capabilities (sticking

ability) for some gecko species when interacting with environmental substrates

such as rocks, foliage and even man-made structuring.
1. Introduction
Many naturally occurring surfaces have functional efficiencies equal to or, in

some cases superior to, man-made technologies [1–4]. Some naturally occurring

nano-structures (of both plant and animal origin) demonstrate self-cleaning

hydrophobic/superhydrophobic ‘technologies’ that have been finely tuned to

aid in species survival [5,6]. Of particular interest is the structuring of the lotus

leaf which easily sheds water (from rain and fog) from the leaves which can

carry away contaminants from the surface [6,7]. Other examples include the

cuticle (or cuticular products) of a range of insects (e.g. cicada, lacewings, dragon-

flies and planthopper) where the wings have specific and unique structuring that

allows them to shed contaminants and water very easily [5,8–11].

A number of other living organisms demonstrate unique abilities to keep their

surfaces clean of dirt and other contaminants. For example, geckos (small lizards),

some of which have small stalk-like projections (spatula) on their feet which allow

them to stick to natural and artificial surfaces (e.g. rocks, foliage, walls and ceilings)

also demonstrate self-cleaning properties [12]. Contact mechanical models of the

gecko feet structuring have suggested that the self-cleaning occurs by an energetic

disequilibrium between the adhesive forces attracting a dirt particle to the substrate
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and those attracting the same particle to the spatula [12]. As

well, the predicted cleaning force on contaminant particles

may be significantly increased via digital hyperextension [13].

These micro-/nano-structures of the gecko foot have been exten-

sively studied by numerous researchers (predominantly from

the species Gekko gecko) [14–19] and even a product based on

their structuring has been developed (Gecko adhesive).

While the feet of some geckos have attracted significant

interest, the remaining regions of the lizard body have received

little attention in relation to adhesive properties, especially

those related to solid contacts, which adds to the impetus for

investigations of such topographies and associated function-

ing. Interestingly, the outer layer of lizard skins has been

shown or speculated to, exhibit a range of functions including

ecdysis, coping with varying temperatures, pheromone cap-

ture, retention and dispersal, tribological functions such as

reduction of friction and wear protection, and also reflection

of radiation (e.g. [20]).

Self-cleaning of natural structures can take place by a variety

of mechanisms including active removal by organism appen-

dages and also environmental factors such as the action

of water (e.g. rain) or wind. It has also been suggested that

self-cleaning plays an important role in the defence against

pathogens, such as spores, bacteria and fungi and conidia

of pathogenic microorganisms. Indeed, many studies have

shown that numerous lizards are susceptible to various external

contaminants which can cause serious skin problems/diseases

[21]. Maintaining the surface properties of the gecko skin

free from contamination may be potentially beneficial for a

number of reasons. Contamination remaining on the surface

may act as a nucleation point for further solid contamination

(e.g. bacteria and fungi). It may also change the wetting pro-

perties of the skin allowing water to remain on the surface

for longer periods. As the growth of many microorganisms is

provided by permanent or temporary water availability,

proliferation may result from wetting property changes.

The atmospheric and terrestrial environment surrounding

geckos contains a multitude of inorganic, organic, biological

and anthropogenic particulate matter which can potentially

contaminate the outer lizard skin; for example, dust and plant

material. Pollen grains are generally the most abundant com-

ponent among the floating particles in the air (aeroplankton)

surrounding most terrestrial organisms including human

beings [22]. Other potential airborne and terrestrial contami-

nants can originate from soils. Naturally occurring silicate

particles composed principally of silicon dioxide (SiO2) such as

quartz can make up as much as 90–95% of the sand and silt frac-

tion of soil [23]. Both pollen and silica have a range of associated

health aspects for humans (e.g. trigger symptoms of allergic res-

piratory diseases such as asthma and hay fever, lung cancer,

lung disease, silicosis, pulmonary tuberculosis, emphysema

and immunologic reaction (e.g. [24–27]). Thus, enhanced mech-

anisms for shedding contaminants such as pollen and silica

particles are of great interest. As well, interaction of these par-

ticles with various surfaces is of significance in terms of

distribution, transport and capture of these contaminants.

As well as the health concerns associated with silica and

pollen, these bodies also represent a ubiquitous source of hydro-

phobic and hydrophilic particles which come into contact with

the gecko. The need for geckos to maintain functionality of

the outer skin upon exposure to such contaminants suggests

that there may be some structural components which facilitate

mechanisms to aid in particle removal. The gecko skin is shed
periodically (up to time periods of several months) and thus

it is necessary to maintain its integrity and functionality for

considerable time periods.

In this study, we have measured micro-/nano-adhesion of

a range of potential airborne and ground contaminating par-

ticles on the outer skin of the gecko Lucasium steindachneri.
This includes both natural (pollen grains) and anthropogenic

model particles (silica, and C18 particles). This particular

gecko is generally ground dwelling and inhabits semi-arid

regions, which suggests that removal of contamination may

not always be possible via a water removal mechanism. As

well, unlike the gecko foot where the frequency of contact

with the substrate is high and is sufficient to remove particles,

the gecko skin (especially dorsal regions) will not come into

contact with foreign substrates to the same extent thus environ-

mental mechanisms (e.g. wind, rain and fog) may be primarily

responsible and/or required for self-cleaning.
2. Experimental procedure
2.1. Gecko capture and preparation
Box-patterned geckos (L. steindachneri) were captured at night

by hand, from the Mingela Ranges (2080800600 S, 14685203200 E),

Queensland. Only healthy, adult lizards were returned to the

laboratory, held in plastic containers with a heat source for

thermoregulation, paper towel as substrate (changed weekly),

a small tree branch and water ad libitum. They were fed dom-

estic European crickets (Acheta domestica) three times a week.

Geckos were allowed to shed twice before experiments were

conducted. Lizards were euthanized to ensure the skin’s surface

was intact and undamaged. Lizard skins were surgically separ-

ated by scalpel, cut into smaller sections (1–5 � 1–5 mm2) and

attached to glass slides for adhesion experiments.

2.2. Adhesion experiments with contaminants
The adhesion measurements were carried out with an atomic

force microscope (AFM); ThermoMicroscope TMX-2000

Explorer. The instrument is based on detection of tip-to-

surface forces through the monitoring of the optical deflection

of a laser beam incident on a force-sensing/imposing lever.

The analyses were carried out under air-ambient conditions

(temperature of 24–268C and 70–75% relative humidity).

Tipless beam-shaped levers (diving board in shape—

NT-MDT Ultrasharp) were used throughout the work. The

attachment procedure of the silica, C18 and pollen particles

to the lever has been described in the literature [8]. The

pollen grains and silica particles were characterized by opti-

cal microscopy and scanning electron microscopy (SEM).

Only pollen grains with no observable damage upon fixing

to a lever were used for adhesion measurements. Force

versus distance ( f–d ) analysis was used to obtain adhesion

data. The probe is held stationary at an x–y (sample plane)

location and is ramped along the z-axis, first in the direction

of approach and contact with the surface, and then in the

reverse direction. F–d curves were acquired at rates of trans-

lation in the z-direction in the range 5–10 mm s21. Each f–d
curve consisted of 600 data points.

Forty measurements per particle were acquired for each

location. A total of four particles were attached to cantilevers

for each particle type (i.e. four silica (Bang Laboratories), C18

beads (Nova-Pakw C18) and specific pollens (Tridax procumbens
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Figure 1. (a) Photo of the gecko L. steindachneri (box-patterned gecko).
(b) Optical image showing the micro-structuring of the outer skin on the
dorsal region of the gecko. These regions primarily consisted of dome-
shaped scales in a relatively close-packed hexagonal patterning (inset: a
water droplet demonstrating a superhydrophobic interaction). (c) Optical
image of the dorsal back region showing the scales projecting above the sur-
face. (d ) Topographical SEM image of the epidermal dome regions (scales) on
the dorsal area of the lizard. (Online version in colour.)
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(daisy), Euphorbia leucocephala (Snowflake), Grevillea longistyla �
Grevillea venusta (Firesprite), Hibiscus rosa-sinensis (Hibiscus),

Acacia aneura (Wattle), equalling a total of 160 measurements

per particle type) were used for adhesion measurements, each

yielding 40 measurements for each sample. In addition, two

silica 30 mm diameter beads (Microspheres–Nanospheres)

were used for adhesion measurements on the gecko dorsal

region. The normal force constant of the probe was determined

by using resonance methods and the scanners were calibrated

using atomically flat surfaces [28]. The raw adhesion values

were then entered into SIGMAPLOT v. 10.0, whereby standard

error values were obtained and presented as error bars.

Adhesion was measured under the conditions of the two

surfaces coming into contact with no applied loading force

(i.e. adhesion represented the force of attraction that the

particle surface would experience where deformation of struc-

tures is minimized and where the main contributing force

involved is simply that of the adhesion of the particle to the

surface). Adhesion was also measured for some samples with

a controlled maximum applied force loading to investigate

adhesional changes under such conditions. The preparation pro-

cedures of insect samples for adhesion experiments were the

same as used in the literature [8].
2.3. Scanning electron microscopy
In the case of SEM imaging (figures 1 and 2), a small section

of lizard skin (approx. 3 � 5 mm2) was excised and mounted
on an aluminium pin-type stub with carbon-impregnated

double-sided adhesive, then sputter coated with 7–10 nm of

platinum, before being imaged using a JEOL 6460 or 7001

SEM at 8 kV. The same conditions were used for insect

cuticle examination.
3. Results and discussion
3.1. Skin characterization of the gecko
The gecko examined in this study (box-patterned gecko—

L. steindachneri) is shown in figure 1a. Adult specimens are gen-

erally 50–60 mm in length with a small mass of approximately

2.5 g [29].

Previous studies have investigated the oberhautchen

(outer thin layer) of numerous lizard skins including some

geckos and determined the presence primarily of b-keratin

[30,31]. X-ray photon electron spectroscopy (XPS) data of

the gecko skin used in this study also suggest that keratin

is a component of the dorsal and abdominal regions (see elec-

tronic supplementary material for XPS information and

figure S1 for further details).

The micro-structuring of the outer skin was examined on

the dorsal back and abdominal regions with optical and SEM.

These areas primarily consisted of ordered dome-shaped

scales with varying pigmentation (figure 1a–c). For example,

on the lizard dorsal regions, the scales were typically

100–190 mm in diameter with a similar centre-to-centre spacing

and height in excess of 50 mm. Figure 1d shows a topographical

SEM image of the microstructure showing scales from the

dorsal region. The abdominal (ventral) regions exhibited a

similar micro-structuring. The inset shown in figure 1b demon-

strates that the topography facilitates a superhydrophobic

interaction with water. Static water contact angles confirm

this and are typically between 151 and 1558 on both the

dorsal and ventral regions of the gecko.

Higher resolution SEM images of the gecko surface for the

dorsal (back and head) and ventral (abdominal) regions are

shown in figures 2 and 3. The gecko skin consists of micro-

structuring featuring spinules (small hairs) with lengths up to

4 mm. These spinules are present on the scale area as well as

regions between the scales (troughs). The termination of the spi-

nules can be described as spherically capped with over 98%

having a small radius of curvature (less than 30 nm) typically

in the range of 10–20 nm. The density of spinules is very

high; up to 500 per 10� 10 mm2 area resulting in a sub-

micrometre spacing of these hairs (figures 2 and 3). Spinules

have been reported on some gecko species ranging from 0.2

to 0.7 mm in spacing and varying heights [32–36]. Interestingly,

the higher resolution SEM images of scale and trough regions

(from the head, dorsal and ventral regions—figure 2) show a

clear distinction. The regions marked ii, iv and vi show

images of the trough regions (between scales). These regions

exhibit spinules with a consistent height and spacing. By con-

trast, the scale regions marked i, iii and v show an array of

spinules of varying heights consisting of two distinct lengths

comprising short and longer spinules with a similar spacing.

Figure 3 also highlights the topographical differences

between the scale and trough regions on the gecko. It is appar-

ent that the trough regions (figure 3a–c) consist of areas which

exhibit significant folding of the skin. By contrast, the scale

regions (figure 3e–g) show very little evidence of folding.

As well, the scale regions typically demonstrated a more
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Figure 2. SEM images of the microstructure on the dorsal, head and ventral regions of the gecko. The regions marked i, iii and v show images of the scale regions
at various magnifications. The regions marked ii, iv and vi show images of the trough regions (between scales). The scale regions show an array of spinules of
varying heights (two distinct size ranges) while the trough regions exhibited spinules of a consistent height. (Online version in colour.)
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defined base structuring which consisted of many small inter-

connecting raised structures (typically circular and at times

near hexagonal in shape forming micro-sized rib structuring

(figure 3g)). One may speculate on the differences in general

architecture of the scale and trough regions on the gecko. The

heavily folded trough regions may stretch and fold to accom-

modate movement of the lizard which can adopt significant

body conformations (see electronic supplementary material,

figure S2). The folding may also potentially accommodate for

growth between skin shreds. The absence of folding on the

scales suggests that these areas may be more structurally

rigid. The more pronounced underlying rib-like (honeycomb

in appearance) structuring at the base of the scales below the

spinules may also aid in structural rigidity with minimal cost
in terms of material formation. As the scales are more likely

to come into contact with environmental structures, a more

rigid and higher tiered structuring (three layers/tiers of struc-

turing) may present a more durable architecture to maintain

integrity and levels of wear resistance.

A schematic illustration of the two-tier trough regions

(folding of skin and consistent spinule height) and the three-

tier scale regions (rib structuring and two distinct heights of

spinule arrays) is shown in figure 4. Based on this structuring,

one would predict that one of the functions of the architecture

could be related to reducing adhesional contact with contami-

nating bodies. With this in mind, we have measured the

adhesion of a range of contaminants which could potentially

interact with the skin surface.
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Figure 3. SEM images of the scale and trough regions on the gecko. The trough regions (a – c) show heavily folded areas with a two-tier structuring (folded areas
and spinules). The scale regions (e – g) demonstrate a three-tier hierarchical topography consisting of an array of spinules of two heights and an underlying
honeycomb (rib-type structuring).
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3.2 Adhesion of contaminant particles on the
gecko skin

Seven different particle types (contaminants) have been used

to measure adhesion on the gecko skin. Two of these com-

prised silica and C18 particles representing contaminants of

hydrophilic and hydrophobic origin. These particles were

roughly spherical having a similar radius of curvature. Five

other particles (whole pollens) were chosen to mimic contact

conditions of natural particles which could potentially con-

taminate the structured gecko surfaces. The pollens were

chosen based on their size differences, distinct topographies,

levels of roughness and locational distribution. The outer

layer of pollen grains have been shown to comprise car-

boxylic acids cross-linked with saturated and unsaturated

aliphatic chains with varying amounts of aromatics resulting

in a hydrophobic surface (e.g. [37]).
Figure 5 shows SEM images of the pollen and parti-

cles (coloured to enhance features) and their finer surface

topographies used for adhesion measurements. The silica

particle (f ) has a nano-roughness below 10 nm RMS while

the C18 spheres (g) have a higher roughness with asperities

typically around 100–200 nm in lateral and height dimen-

sions. As shown in figure 4, two pollens (a and e) have a

spherical shape with a number of spikes protruding from

the surface. The T. procumbens daisy (e) has spikes (more

than 100) with diameters of approximately 500 nm and

heights in excess of 3 mm. The other spherical pollen

(a—H. rosa-sinensis) has spikes (approx. 50–60) with a diam-

eter an order of magnitude larger in size (approx. 5 mm in

diameter and 20 mm in height). The A. aneura (wattle)

pollen (c) demonstrated a patterned surface with furrows

and a relatively flat topography at the micrometre scale.

The snowflake pollen, E. leucocephala (d ) demonstrated a
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Figure 4. Diagrammatic representation of the scale and trough regions on the gecko body showing the two-tier structuring on trough regions and three-tier
structuring on the scale regions (not to scale). The predicted influence on contact area of contaminating particles of different length scales is also shown.
(Online version in colour.)
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homogeneous surface topography/roughness on all sides

comprising a netting structure with small holes.

The adhesion of contaminants (pollen grains, spherical

silica and C18 particles) on the dorsal, head and ventral regions

of the gecko was measured using AFM. The AFM is ideally

suited for particle adhesion measurements in air or aqueous

environments [8,38,39] and on the cuticle/skin of organisms

[8,39]. The processed data are shown in figure 6. In order to

place the value of the various particle adhesions into context,

the contaminants were also interacted with a range of other

surfaces including a near atomically flat silica surface and

insect cuticles. These surfaces have distinct topographical

characteristics and wetting properties (see also electronic sup-

plementary material, figure S3). The insect wing cuticles were

selected for comparison as they represent surfaces which have

been previously studied and found to exhibit (depending

on the species) extremely low adhesion with contaminants or

alternatively higher adhesion [8,39]. Generally, insect wings

demonstrate very low adhesion as contaminates can potentially

interfere with functional efficiency (for example flight efficiency

and changes in reflective properties of membrane) [8].

The adhesion between the silica particle and the gecko skin

represents a high surface energy contaminant particle coming

into contact with the low energy spinule arrayed surface.

There was a significant difference in adhesion of the silica par-

ticle with the gecko skin compared with the flat silicon surface

(silicon wafer with an oxide layer). Adhesion of such particles

was over 20 times greater than on the lizard surface (less than
30 nN on the gecko and almost 700 nN on the flat silicon). If we

model the terminal end of the spinule surface as a spherical sec-

tion, the interaction energy between a spherical particle and a

spinule end [40] is given by the following equation:

W(D) ¼
�A
6D

RsRp

(Rs þ Rp)
, (3:1)

where A is the Hamaker constant (typically 10219 for van der

Waals interactions in air), Rs is spinule radius, Rp is the particle

radius and D is the separation distance.

The adhesional (pull-off force) Fsp of the spinule terminus

from the particle can be approximated using a minor variation

of the Johnson–Kendall–Roberts model [41].

NspFsp ¼ Nsp
3

2
pReWsp, (3:2)

where Nsp is the number of spinules in contact with the particle,

Wsp is the work of adhesion between the two surfaces and Re is

the reduced radius

Re ¼
1

Rs

� �
þ 1

Rp

� �� ��1

:

As the particle radius is over two orders of magnitude larger

than the spinule radius, the reduced radius approximates to

the spinule radius. By using a value of Wsp of 20 mJ m22 [42],

the pull-off force for one spinule with the silica particle will be

approximately 1 nN. The adhesion range measured on the

gecko of 10–30 nN suggests that the particle makes contact
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Figure 5. SEM images of the particles used for adhesion measurements and their finer surface features used in the study (a – g). The insets provide a visual
reference of particle type (refer to part (a)). (h) An example of the typical resulting orientation of pollens ( pollen (d )—snowflake (E. leucocephala) in this
case) on AFM cantilevers. Only pollens exhibiting similar orientations were used for adhesional measurements. (Online version in colour.)
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with numerous spinules. However from figures 2 and 3, it is clear

that the particles may also make contact with regions of the spi-

nules (due to the orientation of the spinule near the tip) other

than the apex. This may result in an increased contact area

and adhesional contact in comparison with a model spherical

spinule—particle interaction. Adhesion measured on the gecko

skin with a 30 mm diameter silica particle on the dorsal region
of the gecko yielded an adhesion of approximately 150–

200 nN. This reflects the increase in contact area of the particle

interacting with significantly more spinules on the skin surface.

Adhesion of the C18 particles with the gecko skin was less

than with the comparably sized silica particles (compare data

for 5 mm particles; figure 5). The interaction force of the C18

particle is one order of magnitude less than the equivalently
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Figure 6. (Opposite.) Adhesion measurement values (in nN), using AFM probes of various pollen and spheres, interacting with the gecko dorsal (body), head and
ventral skin regions at locations on the scales and areas between the scales (troughs). For comparison, other surfaces are also illustrated including insect wing
membranes which have previously demonstrated ultra-low adhesion and high adhesion. The topography and measured static contact angles for the insect surfaces
are shown in electronic supplementary material, figure S3. (a) Interactions of silica particles, (b) C18 partciles, (c) E. leucocephala Snowflake bush, (d ) A. aneura
wattle, (e) T. procumbens daisy, ( f ) H. rosa-sinensis, (g) Grevillea longistyla � G. venusta grevillea Firesprite cultivar; (h) the comparative adhesion at two distinct
force loadings of T. procumbens on the gecko and other surfaces. Note that (a – d,f ) contain axis breaks as a result of the very high adhesional values between the
particle/pollen and Silicon wafer. Error bars—standard error values. (Online version in colour.)
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sized silica particle. This represents the difference in adhesion

of a relatively rough hydrophobic and smooth hydrophilic

particle coming into contact with the skin.

The pollen grains used showed a higher adhesion on all

surfaces in comparison with the C18 particles; however, the

values are comparable with the silica particle. This reflects

the much larger size of the pollens. For example, a single asper-

ity on the H. rosa-sinensis pollen is of a similar size in diameter

(approx. 5 mm) to the silica particles. The pollen grains can also

make multiple contacts with the lizard skin via a number of the

outer projections. Generally, the rougher morphology and

more hydrophobic nature of the long chain polymers that

composes the pollen sporopollenin (outer layer) yield a low

adhesion. The spherical shaped pollen profiles with small

asperities, A. aneura wattle, exhibited the lowest adhesion. By

contrast, the largest pollen, H. rosa-sinensis, will interact with

less asperities however the contacting area will be higher due

to the significantly larger dimensions of the pollen spikes.

The adhesional responses of particles with the various

surfaces were also measured at an applied loading force as

opposed to the situation where the two surfaces just make

contact (approx. zero applied force). Adhesional increases

can potentially take place by increasing the contact area of

asperities with spinules and/or the number of asperity spinule

contacts. As the loading force is increased, both of these factors

are likely to increase. Figure 6h shows the effect of increasing

the loading force of the particle–spinule contact with an

applied force of 70 nN with the T. procumbens daisy pollen.

This applied force can increase the adhesional force on the

gecko skin by over twice the value measured at zero force

loading (figure 6h). As the adhesional force also increased

when the pollen underwent an additional loading force on

an infinitely hard surface (silicon wafer) some component of

the increased adhesional force shown in figure 6h may be a

result of deformation of the pollen particle asperities.

The particle adhesion on the gecko is in the same range as

measured on the superhydrophobic insect cuticle membranes

(figure 6). For example, adhesion values are of the same order

as the superhydrophobic cicada wing cuticle which has

demonstrated one of the lowest adhesion measurements of

a natural surface [8,39]. All of the hydrophilic insect wings

demonstrated a higher adhesion than the gecko skin for all

particles. The highest adhesion between hydrophilic insect

membranes and a pollen (H. rosa-sinensis) was over 500 nN.

From figures 2 and 3, and highlighted in figure 4, the scale

and trough regions on the gecko have different hierarchical

topographies (distinct three-tier on the scale and two-tier

on the troughs). Based on this contrasting topography, we

measured adhesion specifically on these areas (figure 6). The

adhesive force on the scales and the troughs showed a distinct

contrast for most of the particles. Adhesional forces, for

example, of the silica particles (figure 6a) on the scales were sig-

nificantly higher than that on the troughs of all other areas

(body, head and ventral regions). This trend was also evident
on the carbon particle (figure 6b) and all pollens, except for

the two pollens which comprised asperities. From figures 2

and 3, it is apparent that the topography of the troughs is

significantly rougher than the scale domes, consisting of the

folding of the skin. Thus, the contact area of particles is reduced

in the troughs as a consequence of minimizing the number

of individual contacts with the spinules with a corresponding

reduction in adhesion (figures 4, 6 and 7). The two pollens

with asperities H. rosa-sinensis (figure 4b) and particularly

the T. procumbens daisy (figure 4f ) have the required topo-

graphy (spikey projections) to access regions on both scale

and trough topographies. Thus, one may expect less of a dif-

ference between the two regions which is observed in the

measurements. As well, the larger pollen (H. rosa-sinensis) is

of comparable dimensions to the spacing between scales

(figure 7). Consequently, trough adhesion measurements

may also have contributions from interactions with the scale

sides as well as trough regions as is illustrated in figure 7).

Several studies have investigated the adhesional forces

of varying contact area (the use of probes of varying radii of

curvature) with hierarchical natural and fabricated surfaces.

Although many do not state a loading force for their contact

conditions, they do however all demonstrate the varying

degree of contact area dependence on adhesion. Natural plant

surfaces, such as the Lotus leaf (Nelumbo nucifera), Colocasia
esculenta, Nasturtium (Tropaeolum majus) and Ryegrass

(Leymus arenarius), all demonstrate a two-tiered hierarchical

micro-/nano-structuring with adhesion values ranging bet-

ween 70 and 330 nN interacting Si, and borosilicate spheres

(with various chemical coatings) of 15 mm radii of curvature

(e.g. [43,44]). One paper [43] quotes an applied force loading

of 50 nN, measuring an adhesive force of ca 330 nN.

Adhesion measurements have been carried out on a

number of fabricated micro- and nano-structures. Some of

these fabricated surfaces have demonstrated low adhesion

values between particles with varying radii of curvatures

(from 20 nm up to 30 mm) with values as low as approxi-

mately 15 nN [45–47]. In addition to the particle adhesions

described above in our study, we also measured adhesion

at a 50 nN applied force on the gecko skin using a silica

bead of 5 mm in diameter with an adhesion less than 5 nN

(lowest value recorded on gecko trough regions) and 50 nN

(highest recorded value on scales) with an average value of

approximately 28 nN on the gecko skin. Burton & Bhushan

[47] measured adhesion on a PMMA nanopillar surface with a

slightly larger spacing and tip apex diameter to the gecko

spinules (approx. 500 nm spacing and 100 nm diameter near

the apex on the PMMA) and measured an adhesion force of

approximately 120 and approximately 175 nN for a 7.6 mm

and 30 mm diameter silica sphere, respectively. However equiv-

alent nanopillars comprising hydrophobic coated PMMA pillars

(e.g. perfluorodecyltriethoxysilane (PFDTES)) showed compar-

able adhesion values (approx. 35–50 nN for the PFDTES, 7.6

and 30 mm coated spheres) to our study on gecko spinules.
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Figure 7. Images showing the relative sizes of the particles with the gecko scale and trough regions. The figure also reflects the potential areas of contact between
the various pollen and beads with the underlying gecko skin (contact with the wrinkly trough and scale dome regions). (Online version in colour.)
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The adhesion responses (by viewing the AFM force–

distance curves) on different surfaces can be used to interpret

a variety of surface properties and structure (e.g. [48]). Analy-

sis of the fine structure of the force–distance curves for

various particles showed a variety of interactions (figure 8).

Typically when the particles interacted with a flat surface

such as the silicon wafer, they were characterized by a

single release point from the surface (see the three curves

at the top of figure 8). When the particles interacted with

the gecko spinule surface, however, multiple releases from

the surface were often observed as highlighted by the dashed

square boxes denoting this feature in figure 8. Thus, the particle
may remain adhered to a spinule and/or spinules after it has

been released from other spinules on the skin. The smallest

release points observed for particles were below 1 nN. For

the silica bead interacting with the spinules, the lowest

values were in the range of 1–3 nN, which is of the same

order as predicted in equation (3.2) for such interactions.

Another interesting feature seen in figure 8 is the change in

gradients of the force–distance extension/retraction region of

the curves on the gecko as highlighted by dashed circular

areas. The reduced gradients may indicate a variety of inter-

actions. For example, it may imply that the spinule orientation

has changed during the retraction event (for instance, the
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Figure 8. Examples of force versus distance curves demonstrating fine structure of the adhesional contacts. The approach part of the cycle is shown in blue (with
some distinct snap-on features where the surfaces make contact), while the retract part is shown in red. The retraction shows a number of features such as possible
multiple releases from the surface (e.g. dashed square boxes) and the change in gradients of the force – distance extension/retraction region of the curves
(e.g. circular dashed sections). The reduced gradients may indicate a variety of interactions as discussed in §3.2. (Online version in colour.)
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spinule or spinules is/are pulled into a more vertical position

from an initially inclined orientation). Another possibility is

the particle sliding along the spinule/s during the retraction

process. Future studies involving the mechanical properties of

the particles (especially pollens) and the spinules may shed

further light on the variety and nature of such fine structure

observed in such interactions.

3.3 Adhesional considerations of the spinules for
interaction with environmental substrate surfaces

While the adhesion of individual spinules with contami-

nating particles is very low, contact situations with other

much larger solid bodies which the gecko can potentially

interact with is also of interest. In such cases, contributions

of many thousands of individual spinules (especially on the

abdominal surface and if deformation occurs) may need to

be considered. While the adhesion of an individual spinule
from our study is an order of magnitude less than that

reported for an individual gecko foot spatula (approx. 1 nN

compared with 10 nN; e.g. [42]) the potential contact area

of scales (and thus number of spinules) may make this

adhesional force contribution significant. As the spinule

dimensional parameters on many species of gecko are similar

[32–36] to those in our study, a comparable adhesion with

surfaces is likely in many cases.

Of note is the potential for this contribution to provide

additional adhesional capabilities (sticking ability) for some

gecko species when interacting with environmental substrates

such as rocks, foliage and even man-made structuring. We

have observed, on a numerous occasions that some gecko

species (e.g. Hemidactylus frenatus, the Asian house gecko),

while resting on inclined surfaces, e.g. walls, tend to keep

their bodies and tails flat against that surface (see electronic

supplementary material, figure S4). This behaviour may aid

in increasing the stability of the lizard by increasing the
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number, locations and distribution of adhesional focal points.

Thus, the adhesion provided by the foot structuring may be

augmented by spinule contacts. As such, this action may aid

in the gecko increasing its already firm grip reducing the

chances of falling and potential injury or attack from predators

in the process. We have previously looked at the interaction of

water droplets with the gecko skin and suggested that around

100 000 spinules may be in contact with a small water droplet

of a few millimetre in diameter [49]. Thus, it is not unreason-

able to envisage more than 106 spinules contacting a

substrate from the ventral region of the gecko body. A resulting

adhesion of 1 mN is not negligible for a gecko of only several

grams in mass where a gravitational force of approximately

20 mN acts upon the body. Minor deformation of spinules

may increase this adhesional force contribution.
 rface
12:20150318
4. Conclusion
The gecko is one of the smallest of all lizards and thus the epi-

dermal surface area is also small; however, the skin surface area

to body mass/volume ratio compared with larger lizards is

high. This may indicate (based purely on dimensional con-

siderations) that the gecko is potentially more susceptible to

the effects of contamination and infection and/or disease.

The hierarchical and open-framed intricate architecture of

the gecko (with its distinct two- and three-tier topographies)

suggests that the surface structuring of the gecko may facilitate

minimal adhesion with particles of various length scales by

minimizing the number of contact points and contact area.

We have evaluated the contact forces of various contaminating

bodies by measuring the strength of interaction between

particles with the gecko micro-/nano-structuring. Low adhe-

sional forces were measured for all particle sizes and

chemistry on the scales and trough regions. However, higher

adhesion was measured on the scale areas for most particle

types. The slight increase in adhesion of the scale regions and
observation of some gecko species contacting substrates with

their abdominal regions may suggest that additional adhesion

is provided to augment foot gripping in some circumstances.

Further adhesion experiments on geckos where adhesional

grip is important (e.g. arboreal species) should elucidate this

contribution. The trough locations where folding of the skin

occurs, presents a limited contact domain for interacting

particles by way of limiting the number of contacts with

spinules due to the topographical roughness. This limited con-

tact regime with contaminants will occur for most particle

shapes without projections of the dimensional scale of the

wrinkling architecture.

While the adhesion measured on the gecko skin with par-

ticles is extremely low, some mechanism must be employed

if total removal of the contaminants (e.g. plant matter, bacteria

and soil particles) is to take place. There are a number of self-

cleaning processes which can potentially clean the gecko skin

which include mechanical contortion/motion of the lizard,

gravity, wind and water in various forms (e.g. rain, fog and

dew). All of these mechanisms will be facilitated if the adhesion

of contaminants with the lizard skin is low. Thus, the very low

measured adhesion of particulates suggests that removal

mechanisms will operate at a high efficiency.

Interestingly, the gecko skin is most likely multifunctional

in nature, and thus the unique topographical low adhesion

micro- and nano-structure found on the gecko surface

demonstrates design characteristics and features for new sur-

faces where other design attributes (e.g. highly flexible, thin

membrane) are also required.
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