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Abstract
Perhaps one of the most astounding characteristics of the gecko adhesive system is its ver-

satility. Geckos can locomote across complex substrates in a variety of conditions with

apparent ease. In contrast, many of our synthetic pressure sensitive adhesives fail on

substrates that are dirty, wet or rough. Although many studies have investigated the effect of

environmental challenges on performance, the interaction of multiple, potentially compromis-

ing variables is studied less often. Here we focus on substrate structure and surface water,

both of which are highly relevant to the biological system and to synthetic design. To do this

we utilized a highly controlled, patterned substrate (Sharklet1, by Sharklet1 Technologies

Inc.). This allowed us to test independently and jointly the effects of reduced surface area

substrates, with a defined pattern, on adhesion in both air and water. Our results show that

adhesion is not significantly impaired in air, whereas surface area and pattern significantly

affect adhesion in water. These findings highlight the need to study multiple parameters that

are relevant to the gecko adhesive system to further improve our understanding of the biolog-

ical system and to design better, more versatile synthetics.

Introduction
Geckos have fascinated scientists and the lay person for centuries due to their ability to stick
repeatedly to substrates that are otherwise considered challenging or even impossible for cur-
rent synthetics [1]. Challenges such as dirt and dust, surface chemistry and structure, and even
water, can often be circumvented by this versatile natural adhesive system [2–9]. Although
studies focusing on testing gecko adhesion on such substrates are increasing, there still remains
an important gap. This gap is highlighted when we consider geckos in their natural environ-
ment. In contrast to many current studies, geckos are unlikely to encounter only one or two
"challenges" at a time, and rather, are likely required to retain function on substrates that pres-
ent multiple challenges. For instance, consider a gecko moving across the surface of a tree
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branch. In one step this substrate is both dirty and rough at multiple scales. Therefore a gecko's
foot must conform to each of the roughness scales (nanometer, micrometer, millimeter and
even centimeter-level), while at the same time self-cleaning dirt particles to facilitate reliable
adhesive performance. Furthermore, consider the environment in which adhesion takes place.
In the tropics, factors such as temperature, humidity and surface water can be highly variable
and often extreme. All of these parameters have been shown to significantly affect whole ani-
mal gecko adhesion [5, 10–13], and in the case of temperature and humidity this is a joint effect
[10]. Currently most experimental designs decouple specific parameters and independently
test their affect on adhesion. Far less work has been done considering multiple joint affects, spe-
cifically with the whole animal [5, 9, 10, 14]. In this study we consider joint effects of substrate
condition on whole animal adhesion. We focus on three specific parameters, which are likely
to interact, and are relevant to the gecko's natural environment.

The first parameter relates to the hierarchical nature of the gecko adhesive system. The
gecko adhesive system consists of soft, flattened toe pads (in many species) that are supported
by compliant muscle, tissue and venous structure [15–18]. In turn, each toe consists of rows of
elevated skin folds called lamellae, which provide further compliance at the millimeter-level
scale [16]. Each lamellae is covered by small hair-like structures called setae, which branch and
terminate into flattened tips called spatulae [16, 19–21]. The setae and the spatulae scale on
the micrometer and nanometer scales respectively [22], and their combined hierarchy further
reduces overall modulus of the system [23]. Thus, when pressing onto a rough or structured
substrate like bark, the gecko's foot conforms at multiple scales to make close contact with the
substrate. It is this close contact that allows weak intermolecular van der Waals forces to domi-
nate and the gecko to stick and peel easily from a substrate without the need for gluey secre-
tions [2]. While the hierarchical design is certainly versatile, there are limitations. Specifically,
it appears that substrate asperities at scales similar to components of the adhesive system sig-
nificantly reduce adhesion [6, 24], although this may not always be the case [25]. It is likely lim-
itation occurs at all levels of hierarchy (i.e. at the setal level and the toe pad level), in addition to
spatular and lamellar-levels that have been investigated previously [6, 24]. At these limiting
scales, sufficient contact area cannot be made to maintain adhesion because the surface asperi-
ties are neither small enough nor large enough for the specific level of hierarchy to conform to
them [24]. Previous studies have focused on gecko adhesive performance on rough, uneven
substrates [6–8, 24–27]. In most cases however, adhesion or locomotor performance was tested
on heterogeneous substrates that had roughness scales at several levels, or did not have uniform
distribution of roughness. The result is that multiple levels of hierarchy are tested, rather than
one, and total surface area available for adhesion is not easily calculated (although see [28]).

The second parameter we were interested in testing poses another, similar challenge to
gecko adhesion as substrate roughness. At high levels of humidity where water wets substrates
or when substrates become wet from rain, adhesion should be negatively impacted. van der
Waals adhesion relies on close contact with the substrate, and similar to the loss of surface area
due to roughness asperities, surface water can limit the amount of contact (if any) a gecko
makes with the substrate. On hydrophilic substrates this results in complete loss of adhesion,
where sufficient adhesion is defined as the ability to support one's body weight [5, 11]. On
hydrophobic substrates and intermediately wetting substrates however, geckos with dry toe
pads can adhere just as strongly in water as they do in air [5]. It is hypothesized that the super-
hydrophobic toe pads achieve this by first, shielding the adhesive toe pad from water (i.e. wet-
ting) and second, by pushing water out of the contact interface [5, 14]. Thus the interaction of
the toe pad and the substrate is critical to adhesion on wet substrates. Considering the variabil-
ity of substrates available to geckos in their natural environment, the interaction between water
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and the substrate can have important implications for ecology, behavior and even evolution of
the gecko adhesive system.

Although the effect on adhesion, of both substrate roughness and surface water, has been
investigated previously, we do not know how these two parameters affect gecko adhesion
jointly. It is clear that some species of tree frogs are adapted to maintain adhesion on both wet
and rough substrates [29]. This is also true for aquatic insects and fish that cling to rough sub-
merged rocks [30–33]. Geckos however must adhere to rough substrates, like bark and leaves,
that have thin layers of water or pools of water left behind from high humidity and rain. Fur-
thermore, gecko adhesion relies on dry contact, instead of capillary adhesion, suction and
gluey secretions like those of insects, fish and frogs, which complicates predictions about gecko
adhesion to rough, wet substrates.

In an effort to investigate how geckos perform in multiple challenging conditions, we tested
geckos on substrates that were both wet and had reduced surface area available for contact.
Similar to examples on rough substrates, reduced surface area substrates should reduce adhe-
sion (total surface area is not considered here but rather the surface area available for contact
by the setae and spatula). Alternatively, substrates that are at least intermediately wetting
(contact angle> ~80°) should not reduce adhesion when tested in water [5]. The interaction
between a substrate submerged in water that also has reduced surface area is unknown. For
instance, consider a substrate that has reduced surface area via channels or depressions. In
water this substrate can either form air pockets in the asperities or form water-filled gaps
where a gecko's foot can either contact a combination of the substrate and air or the substrate
and water. The affect of this heterogeneous contact on adhesion is not clear. In addition, as
mentioned previously, substrate asperities are often hard to control so the location of foot
placement on heterogeneous substrates can increase variation of adhesive performance. To
circumvent this, we took advantage of a unique substrate with controlled surface area and
pattern.

We used a patterned hydrophobic substrate with impressive anti-adhesion properties made
by Sharklet1 Technologies Inc. Sharklet1 is a textured material that is specifically designed to
inhibit bacterial and algal adhesion by way of structure alone [34, 35]. The structured material
mimics natural anti-bacterial and anti-algal surfaces like shark skin [36]. Importantly for this
study, the structure of this material is highly controlled and allows us to measure total available
surface area for adhesion, which would not be possible for substrates with heterogeneous
roughness (i.e. bark, sandpaper, cloth). The size scale of the surface structure is on the microm-
eter level, thus targets the adhesive setae. Furthermore, an additional, third parameter is avail-
able to us when testing gecko adhesion on Sharklet1 surfaces. This parameter is pattern.
Sharklet1 has a distinct pattern that can be rotated to test shear adhesion of gecko feet on
reduced surface area substrates that are either oriented in the direction of shear (parallel) or
opposed (perpendicular). Figs 1 and 2 show the Sharklet1 substrate's patterned morphology
and the direction of shear sliding the gecko makes during experiments (Figs 1 and 2).

The utilization of the Sharklet1 substrate allows us to control available surface area, test for
the effect of pattern and test for the affect of environment (air or water). Thus we are able to
investigate several unique hypotheses. First, we hypothesized that a smooth, non-patterned
substrate will behave similarly to other smooth substrates tested previously. Specifically, on a
smooth hydrophobic control substrate we hypothesized that geckos will adhere equally well
in air and in water. Second, we hypothesized that on structured substrates, adhesion will be
reduced in both air and in water and that pattern will have no affect on adhesion, as the robust-
ness of the hierarchical adhesive system will be able to conform to either pattern equally well.
While it is unlikely geckos routinely encounter uniform substrate structure and pattern in their
natural environment, by controlling for these we will begin to assess both independently and
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jointly how such challenges as reduced available surface area, pattern and water affect gecko
adhesion at the whole-animal scale.

Materials and Methods

Substrate Preparation and Characteristics
Xiameter T-2 Polydimethyl siloxane elastomer (PDMSe) was mixed in the ratio 10 parts base
to 1 part curing agent, degassed under vacuum, and poured onto a patterned silicon wafer
mold supplied by Sharklet1 Technologies, Inc. After curing in the mold for 24 hours the
PDMSe was removed and trimmed resulting in a 4”x4” patterned PDMSe film. Six patterned
films were assembled together and mounted onto an allyltrimethoxysilane functionalized glass
plate using another thin layer of uncured PDMSe. The final result was an 8”x12” patterned
PDMSe area attached to a glass plate. The smooth control substrate was cast as a thin layer of
PDMSe between glass plates to yield a similar thickness as that of the patterned films
(smooth = 1.06 ± 0.03mm, parallel = 0.99 ± 0.01mm and perpendicular = 1.08 ± 0.01mm).

Water contact angles were measured for each substrate at the completion of whole animal
tests (a small piece was cut from experimental substrates) using Ramé-Hart Instruments
Advanced Goniometer 500 F1 with Drop Image Advanced software. Hexadecane contact

Fig 1. Dimensions of the Sharklet1 substrate. The patterned channel lengths (A) and depth (B) are
shown.

doi:10.1371/journal.pone.0145756.g001

Fig 2. Image of Sharklet1 substrate orientation during shear adhesion tests.Geckos were either slid
across the substrate parallel to the channels (A) or perpendicular (B). Arrows show direction of shear.

doi:10.1371/journal.pone.0145756.g002
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angles were also measured relative to the smooth PDMSe substrates and used to replicate the
gecko foot material in thermodynamic modeling (see discussion).

Whole Animal Adhesion
Seven adult Tokay geckos (Gekko gecko) weighing on average of 98.48 ± 4.44g were used. Total
toe pad area was 6.36 ± 0.41 cm2, averaged across all seven individuals. Toe pad area was mea-
sured using a flatbed scanner and ImageJ software (National Institutes of Health, Bethesda,
MD, USA). The geckos were housed individually in glass terrariums, with 12 hours of UV light
per day followed by 12 hours of dark. They were fed a diet of cockroaches three times per week
and misted with water two times per day. Before each experimental trial geckos were accli-
mated to experimental conditions for 30 minutes. An ambient temperature of 23.5 ± 0.2°C, a
humidity of 34.4 ± 0.7%, and a water temperature (if applicable) of 21.5 ± 0.2°C were main-
tained during the acclimation period and throughout trials. The University of Akron IACUC
protocol 07-4G approved the procedures used on these live animals. The procedures were con-
sistent with the guidelines provided by the Society for the Study of Amphibians and Reptiles
(SSAR 2004).

A force sensing apparatus, described by Niewiarowski et al. [10], was used to measure the
shear adhesive force of geckos standing horizontally in both air and in water on each substrate.
Treatment condition (water or air), substrate (smooth, parallel, or perpendicular), and gecko
were chosen at random. Two pelvic harnesses were used to attach the gecko to a force sensor.
Once attached, the gecko was placed on the substrate and allowed to take one step with each
foot, ensuring that the natural adhesive system of the gecko was being utilized. Geckos were
then pulled backwards along the substrate on a motorized track. This allowed us to measure
the maximum shear adhesive force produced by the gecko while clinging to the substrate. The
maximum force was defined as the force reading at the point in time when all four of the
gecko’s feet first slip along the substrate. The substrates were attached to the apparatus as
described by Stark et al. [11], where a plastic container allowed us to test shear adhesion in
water. The gecko’s feet were submerged in ~1cm of water while standing on the substrate.
Geckos were not tested more than three times on a given day. When testing adhesion in water
geckos were only tested once because if the feet become wet adhesive force is significantly
reduced [9, 11]. Whether the gecko was tested three times or once, all geckos were given at
least one day off between testing trials.

Three substrates were used in the experiment. The "parallel" substrate had the pattern
described above oriented in a way that shear sliding occurred along the length of the substrate
channels (Fig 2a). A second substrate was produced with a rotated pattern (90°), such that the
pattern was perpendicular to the shearing direction of the gecko toe (Fig 2b). The last substrate
was void of a pattern and acted as a control (termed "smooth"). Each gecko was tested three
times in both air and in water on each of the three substrates. Only the highest maximum shear
adhesive force of three tests was used in analysis.

Statistical Analysis
We used a repeated measures MANOVA to test the overall effects of substrate (parallel, per-
pendicular or smooth) and treatment (air or water) on shear adhesion. To explore detailed
effects subsequent to the MANOVA, we used a matched pairs analysis to separately compare
shear adhesion in air and in water on each substrate. Finally, we used an ANOVA to test
whether there were significant differences in shear adhesion across the three substrates in air
and in water, using a Tukey HSD test to control for multiple comparisons. Each individual was
tested in all combinations of treatments, which removes the need to account for differences
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across subjects. Shear adhesion was log transformed to comply with the model assumptions.
Means are reported as mean ± 1 s.e.m.

Results
Shear adhesion was significantly affected by substrate (parallel, perpendicular and smooth;
F2,11 = 230.902, p< 0.0001), treatment (air and water; F1,12 = 11.60, p = 0.0052) and their inter-
action (F2,11 = 60.407, p< 0.0001) (Table 1). The significant interaction arises because shear
adhesion on the smooth and perpendicular substrate was significantly higher in water than in
air (smooth, 9.45 ± 1.10N in water, 2.42 ± 0.52N in air, t = 7.58, df = 6, p = 0.0003; perpendicu-
lar, 2.68 ± 0.52N in water, 1.65 ± 0.33N in air, t = 2.67, df = 6, p = 0.0372), but there was no
difference between water and air on the parallel substrate (1.62 ± 0.22N in water, 1.42 ± 0.38N
in air, t = 0.88, df = 6, p = 0.4108) (Fig 3). Finally, there was no difference in shear adhesion

Table 1. Multivariate analysis of variance for the effect of substrate and treatment on gecko adhesion.

Effect Wilks' Lambda Exact F Numerator d.f. Denominator d.f P value

Treatment 0.966 11.595 1 12 0.0052

Substrate 41.982 230.902 2 11 < 0.0001

Substrate X Treatment 10.983 60.407 2 11 < 0.0001

There is a significant difference in shear adhesion across substrate (parallel, perpendicular or smooth), treatment (air or water) and the interaction of

substrate and treatment. The significant interaction arises because shear adhesion is sensitive to substrate in water but not in air (see results).

doi:10.1371/journal.pone.0145756.t001

Fig 3. Shear adhesion of geckos on smooth and patterned substrates in air and water.Geckos were tested in air and in water on three substrates:
smooth PDMSe (smooth), microstructured PDMSe oriented parallel to shear (parallel) and microstructured PDMSe oriented perpendicular to shear
(perpendicular). Error bars are mean ± 1 s.e.m. The asterisk denotes a significant difference between the treatment groups (air and water). See Table 1 for
details of statistical comparisons.

doi:10.1371/journal.pone.0145756.g003
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across the three substrates when tested in air (F = 2.460, d.f. = 2, p = 0.1137), but when tested
in water, the smooth substrate was significantly higher than the two patterned substrates
(F = 36.510, d.f. = 2, p< 0.0001).

Discussion
The adhesive system of geckos has been extensively studied and has inspired hundreds of syn-
thetic mimics which can adhere in a variety of conditions [37]. Perhaps less well studied how-
ever, are the conditions that challenge the gecko adhesive system in their native environment.
As with all biological organisms, geckos must counter multiple challenges at one time, like high
temperature and humidity, surface water, substrate roughness and contamination. In order to
investigate the interaction of multiple parameters on adhesion, we tested geckos on substrates
with defined surface area and pattern, and in either air or water. We hypothesized that when
tested on a smooth control substrate, adhesion would be equivalent in water and air due to the
hydrophobic nature of the substrate [5]. When reducing available surface area however, we
hypothesized that geckos would have reduced adhesion in air and water but that the pattern
would have no impact on adhesion. Our results did not support our hypotheses. Instead, water
enhanced adhesion on the smooth control substrate and the perpendicular substrate but not
the parallel substrate.

When tested in air geckos adhered to all three substrates equally well, however, this was
much lower than previous values on intermediately wetting and hydrophobic substrates (usu-
ally ~20N for whole animal studies) [5]. These results were surprising considering the contact
angle of the smooth PDMSe substrate was hydrophobic, like that of glass coated with a hydro-
phobic octadecyltrichlorosilane self-assembled monolayer (OTS-SAM) used previously (con-
tact angle for PDMSe = 115 ± 2° and OTS-SAM = 94 ± 0.5°) [5]. We do not expect any
significant differences in substrate roughness between these two smooth substrates, which
leads to two questions. First, how does the surface energy of PDMSe affect adhesion and sec-
ond, how does the compliance of PDMSe affect adhesion? We will address the first question
later in the discussion. The second question is intriguing. Gecko toes are soft, compliant struc-
tures. Thus, as this soft toe makes contact with a soft substrate, adhesion could be significantly
affected. While the effect of substrate softness on gecko adhesion has never been tested directly,
soft substrates exist in the native environment of geckos, therefore this question is potentially
quite important when considering environmental challenges and possible constraints on adhe-
sion. When investigating the effect of reduced surface area and pattern on adhesion in air,
there was not a corresponding reduction in adhesion as hypothesized. Therefore, it is likely
that the setae are able to conform to, or counter the dimensions of the substrate structure. To
conclude, in air, adhesion is not disrupted by the Sharklet1 channels or orientation; and overall
adhesion across all three substrates is reduced by a factor of 10 when qualitatively compared to
a smooth, hard, hydrophobic substrate (OTS-SAM) [5].

Unlike adhesion in air, adhesion in water produced significant differences in shear adhe-
sion across the three substrates. First, shear adhesion on the smooth substrate was signifi-
cantly higher in water than in air. These values were still low compared to OTS-SAM in water
(about half) [5]. We also found that the reduced surface area substrates produced significantly
lower shear adhesion than the smooth in water, partially supporting our second hypothesis.
These values were not different from one another, although it is interesting that when com-
pared within substrate, adhesion on the perpendicular substrate was higher in water than air.
Our results in water once again highlight the interesting behavior of the PDMSe substrate. On
smooth PDMSe we expected water to be squeezed out of the contact interface by the hydro-
phobic material. Thus, adhesion in air should equal adhesion in water, and should not be
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significantly higher. Similar results (improved adhesion in water) were reported on polytetra-
fluoroethylene (PTFE), which is a rough (r.m.s. = ~230nm), hydrophobic substrate [5, 38].
Reduced adhesion did occur on the structured substrates, suggesting that water limits adhe-
sion on substrates that contain pockets or channels at the size-scale tested here. We hypothe-
size this is due to filling of the channels by water, reducing available contact area and
disrupting van der Waals forces. Surprisingly, pattern had a significant effect on within sub-
strate adhesion, where the perpendicular substrate produced higher shear adhesives forces in
water than air. This suggests that the pattern and direction of shear can play a role in gecko
adhesion but only in water. As a gecko toe shears across the perpendicular substrate it moves
in and out of the channels at a higher rate than when sliding along the parallel substrate
(every 2μm rather than every 4–16μm depending on the channel; see Figs 1 and 2). It is possi-
ble that this behavior helps to expel water out of the contact interface more efficiently, or
results in multiple stick-slip or contact line pinning events during sliding. Long et al. [39]
observed similar pinning of the contact line during the measurements of advancing and reced-
ing contact lines.

While it is clear more work is necessary to understand how setae penetrate microscopic
channels during dynamic shearing, it is possible to make some predictions. First, the channels
in the structured substrates are only 2μm deep and 1.4 μm wide (Fig 1). Tokay gecko (Gekko
gecko) setae are approximately 110μm long and branch several times before terminating into
the nanometer-sized spatular structures [19]. Ruibal and Ernst [19] defined the final portion
of branching in G. gecko as the quarternary branches. Quarternary branching begins approxi-
mately at 84μm from the base of the setae. Here the setae appear to branch one final time,
bifurcating to terminate into the spatular pads. Thus the final ~26μm of the setae are thin
fibrils with flattened pads which are about 200nm wide. Given this morphology it is likely the
distal end of the setae have the compliance and size to penetrate into the shallow channels and
make adhesive contact. This is supported by the results in air, where pattern had no affect on
adhesion when compared to the smooth control. Second, using a 50μm2 grid we measured
five random cells to estimate the average surface area available for gecko adhesion on the pat-
terned substrates. We found that available surface area was reduced by about 34% with the
addition of the pattern (33.13 ± 2.59 μm2 for the patterned substrate vs. 50μm2 for a smooth
surface). Total toe pad area was 6.36 ± 0.41cm2, averaged across all seven individuals, thus a
reduction of 34% leaves the gecko with approximately 4.20cm2 of toe pad area, more than
enough to achieve maximal performance values we expect from whole animal adhesion [5, 10,
11, 40], even if we assume in this scenario that the setae do not penetrate the shallow channels.
What is interesting however, is that in water the 34% reduction of surface area by shallow
channels significantly impacts overall adhesion. When sliding in water the results can be com-
plicated by structure (channels), location of water in the channels, surface energy and possibly
compliance.

Deciphering the shear adhesion results in water will require knowledge of whether the con-
tact interface between two contacting surfaces is dry or partially wet (as shown in Fig 4). The
contact between two hydrophobic surfaces underwater was measured by Defante et al. [41]
and showed that PDMS-PDMS contact underwater was dry and the wet normal adhesion was
almost a factor of 2 greater than the dry contact. Because we know that lipids at least partially
cover the contact interface in the natural system [5, 42, 43], which results in a hydrophobic or
oil-like surface, we expect underwater adhesion to be higher than dry adhesion similar to the
PDMS-PDMS contact. This is consistent with shear adhesion measurements of geckos in con-
tact with the smooth PDMSe sheet. However, the dry contact model for a structured surface,
with or without the channels filled with water (Fig 4B and 4C), predicts a factor of ~ 2.2 to 2.5
times higher underwater adhesion compared to the dry adhesion, though these models are
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based on a small sub-section of patterning where channels run the full length of the section
and the model assumes normal rather than shear adhesion (for model calculations see [5, 44]).
This indicates that for the structured surfaces, the contact interface is likely partially wet (Fig
3C) and water reduces underwater adhesion. It is also interesting to point out that these pat-
terned surfaces are anti-fouling, and our data indicates that they are also difficult for geckos
to grip.

To our knowledge this is the first experiment specifically designed to test whole-animal
adhesion on substrates with controlled available surface area and pattern in the presence of air
or water. Furthermore, the fabrication material used to mold the substrates is soft, adding an
additional, unexpected parameter to our experiment. While our goal here was to test perfor-
mance in a more complex and realistic series of conditions, there are several limitations related
to the application of these results to the natural system. Principally, natural substrates are likely
more variable than those used here. Surface roughness often varies at multiple scales (nanome-
ter to centimeter), as does distribution of water and even surface chemistry (related to surface
energy). Though patterns may exist in natural substrates, consider the vertical hills and chan-
nels of bark or the venous structure of leaves, they are certainly not as controlled as the sub-
strates tested here. Furthermore, substrate modulus is highly variable and may consist of both
hard and soft material, even over the course of one step. Our results do however highlight the
importance of considering multiple parameters when investigating the gecko adhesive system.
For instance, adhesion to the reduced surface area substrate was unaffected in air. In water
however, both surface energy [5] and structure play a significant role in adhesion. Thus a gecko
clinging to a rough, wet substrate should be more limited than one clinging to a wet smooth
substrate, but not a dry substrate. Substrate parameters are not the only variables however.
Geckos may locally change which substrates they use and when (i.e. after a rainstorm), or how
they move across them. For instance, there is increasing evidence that factors like surface water
are more limiting to static adhesion than the dynamic adhesion utilized during running [45].
There are also now several studies that relate specialized toe pad morphology to the substrates
where geckos are primarily found, suggesting some drive toward adaptation to non-uniform,
fundamentally challenging substrates [46–49]. In conclusion, our work highlights the need to
investigate the effect of multiple parameters on gecko adhesion to improve our understanding
of the natural system and potential constraints or drivers of specialized adaptations. Addition-
ally, this work allows us to explore how these challenges are met by the natural system in order
to improve our current synthetics, which may be tailored to adhere to wet, rough and soft sub-
strates in the future.

Fig 4. Schematic model of the contact made by a gecko toe on three substrates in water. Smooth
PDMSe (A), structured PDMSe without water penetrating the surface asperities (i.e. air pockets) (B) and
structured PDMSe penetrated by water (C) are displayed visually. Models are shown from the side. The
generalized gecko foot is shown in yellow and all schematics are shown when making contact in water (blue).
The arrow represents the direction of contact where the gecko foot is pressed into contact with the PDMSe
(grey).

doi:10.1371/journal.pone.0145756.g004
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