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i

In this paper, we report experimental measurements of normal adhesive force
versus body displacement for living Tokay geckos (Gekko gecko) adhered to
Poly(methyl meth acrylate) (PMMA) or glass surfaces. We have measured the nor-
mal adhesive force needed for reaching the gecko detachment. Atomic force and
scanning electron microscopies are used to characterize the surfaces and feet topol-
ogies. The measured safety factors (maximum adhesive force divided by the body
weight) are 10.23 on PMMA surfaces or 9.13 on glass surfaces. We have observed
minor and reversible damage of the gecko feet caused by our tests, as well as the
self-renewal of the gecko adhesive abilities after the moult.
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1. INTRODUCTION

The ability of a gecko to stay stuck motionless to a vertical surface or
even to a ceiling seems to defy gravity. Since the 4th century B.C.
geckos have been observed to “run up and down a tree in any
way, even with their head downwards [1]” by Aristotle. Scientific
researchers have focused their attention on the gecko adhesive foot
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architecture, adhesion abilities, and related mechanisms [2—-20]. Scan-
ning electron microscopy (SEM) has brought about new opportunities
to go under the length-scale limitations given by the wavelength of vis-
ible light and to study the sub-micrometric hierarchical architecture of
gecko’s toes.

The Tokay gecko (Gekko gecko) is the second largest Gekkonid liz-
ard species (1050 species in the world), attaining lengths of approxi-
mately 0.3-0.4m or 0.2—-0.3 m for males or females, respectively. The
weight of an adult gecko ranges from ~30 up to ~300 g [21]. A previous
study on Tokay geckos [2] revealed a strong shear adhesive force of
~20N when placed with its front feet contacting a nearly vertical
(85°) acetate sheet attached to a stiff PMMA plate. As a consequence,
if we assume a gecko weight of ~100g, we estimate a shear safety
factor (SF) of approximately 40. This SF is comparable with that of
the Hemisphaerota cyanea beetle (SF~60; measured for a force
applied perpendicularly to the vertically-oriented attachment surface;
generated either electronically or by hanging weights [22]), of the
Chrysolina Polita leaf beetle (SF ~ 50; attached to a force transducer
[17]), but lower than the SF of the jumping spider Evarcha arcuata
(SF ~160; theoretically extracted via atomic force microscopy
(AFM) analysis [23]) and of Crematogaster cocktail ants (SF ~ 146;
measured using a centrifuge technique [24]). Thus, not only for
insects and spiders [2,17,22-25], but also for geckos, several studies
have been carried out with the aim of quantifying the maximal
adhesive force by direct in vivo [2,19,26-33] or in vitro measurements
[19,26-30].

In this paper, we report measurements of the normal adhesive force
versus body displacement of living Tokay geckos, up to the detach-
ment. We are also interested in comparing the effects of surface rough-
ness on the gecko maximum normal safety factor. The influence of the
damage of the gecko’s feet, caused by our experimental tests, on the
adhesive abilities is also discussed. The surface topography of PMMA
or glass was analyzed by AFM, whereas we have used SEM to charac-
terize the hierarchical architecture of the gecko’s feet.

2. MATERIALS AND METHODS
2.1. PMMA and Glass Surface Characterization

The roughness of the adhering surfaces, PMMA and glass, was nano-
characterized by AFM Perception (Assing, Rome, Italy) using the
contact mode with a silicon nitride tip. A surface area of 10 x 10 um?
for each material was evaluated with a final resolution of 200
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FIGURE 1 General scheme of a profile for the definition of the roughness
parameters.

points/profile. The roughness parameters of interest were: the stan-
dard amplitude parameters R,, R,, R,, R,, and S, and the hybrid
parameters S, (for details, see Fig. 1). R, represents the arithmetical
average roughness (R, = i fé” ly(x)|dx); R, is the mean square rough-

ness and represents the mean square deviation of the profile from

the middle line (R, = 4/ i f(l)” y%(x)dx); R, and R, are, respectively,
the height of the highest peak and the depth of the deepest valley
(absolute values). The parameters Sg;, and S, offer a comprehensive
overview of the surface’s characteristics, indicating, respectively, the
surface skewness and the surface complexity. When Sg;, is close to 0,
the surface is equally distributed on the middle plane (p,,), when lower
than 0 the surface is characterized by plateaus and several deep
thin valleys, whereas when higher than 0 the surface is characterized
by plateaus and several peaks. The parameter S;,. compares the effec-
tive surface (/) with the nominal one (/,,): when close to 0%, the surface
is smooth, when higher the surface is characterized by a specific
superficial complexity.

2.2. Gecko Normal Adhesive Force versus Displacement
Curves

We used a single male adult Tokay gecko (authorized by Ministerial
Decree n° 73/2010-B). The gecko was maintained in its terrarium
at ~28°C. The temperature of the experimental room, in which
the force-displacement measurements were made, was ~22°C. The
gecko was fed moths and water ad libitum and crickets one time a
week. The animal did not show any particular discomfort being
manipulated, segregated in the box, and bound with adherent elastic
cloth bandaging.
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Force-displacement measurements were conducted as follows. The
gecko was prepared and placed in the PMMA-Glass (Vetronova, Var-
ese, Italy) box 10 minutes before each set of tests. We took the gecko
from its terrarium and we fixed to it an adherent cloth bandaging; a
metallic hook was inserted within the bandage on the gecko’s back.
After this preliminary operation, the gecko was connected, by means
of a plastic wire tied to the metallic hook, to the measurement plat-
form, and it was placed gently on the bottom of the measurement
box (Fig. 2). The force-displacement measurement platform was built
outside the box (Fig. 3) We applied the force using an increasing
amount of mass (16, 48, 98, 148, 198, 273, 348, 423, 498, 573, 648,
and 723 g). The displacements of the point of applied force on the gecko
body were recorded during the test. The measured displacement corre-
sponds to the stretching of the front and rear legs of the gecko without
slipping of its feet.

The procedure of increasing hung weights was conducted as follows.
We started with the application of 16 g. We waited 10 seconds for a sta-
bilized value of the gecko displacement and read it on a millimetric
scale. Similarly, we continued with the next applied weights up to
198 g. For larger weights we allowed a relaxing time of about 15 s after
each weight application to try to avoid the gecko muscular fatigue.
When the detachment occurred, the gecko was pulled upwards but
immediately reached a secure point, approximately 42cm from the
top of the box and then was slowly taken back to the bottom. Each

FIGURE 2 Our tested Tokay gecko: adherent elastic cloth bandaging and
metallic hook of connection with the outside measurement platform (color
figure available in online).
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FIGURE 3 Force-displacement measurement platform (color figure available
in online).

force-displacement curve was obtained in ~3 minutes. During a single
test, the only allowed action was the renewal of the foot contact and
hyperextension [2].

We have accordingly measured the normal adhesive force-
displacement curves of a gecko adhered to the interior surface of a
box (50 x 50 x 50cm?®). One wall of the box was made of glass and
the other walls were made in PMMA. We realized 15 tests on PMMA
and three tests on glass after a first moulting process (first moult) and
three tests on PMMA and four tests on glass after the next moulting
(second moult).

After the first moult, in the first test-day that was 50 days from the
moult, we realized only one force-displacement curve, both on PMMA
and glass (blue line, Figs. 4 and 5 respectively). After 62 days from the
moult, we performed the second day of tests: we carried out four tests
on PMMA (cyan line, Fig. 4) and two tests on glass (cyan line, Fig. 5).
The third test-day took place the day after and we realized 10 tests on
PMMA (green line, Fig. 4). After the second moult, we only conducted
experiments on one day, 7 days after moult, due to the damage
imposed by this first day of tests on the gecko’s feet. We started on
glass, performing four tests (red line, Fig. 5), and then on PMMA
measuring three force-displacement curves (red line, Fig. 4).
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FIGURE 4 Normal adhesive force-displacement curves on PMMA surfaces
after the first and second moults. Snapshots show five specific instants of
the gecko displacement at 0, 148, 273, 423, and 723 g of hung weight (W is
the applied weight, W, is the gecko weight, o is the gecko displacement, dy.x
is the gecko maximum displacement) (color figure available in online).
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FIGURE 5 Normal adhesive force-displacement curves on glass surface after
the first and second moults. Snapshots show five specific instants of the gecko
displacement at 0, 148, 348, 423, and 648 g of hung weight (W is the applied
weight, Wq is the gecko weight, ¢ is the gecko displacement, dyax is the gecko
maximum displacement) (color figure available in online).
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3. RESULTS
3.1. Gecko’s Feet Architecture

The Tokay gecko foot consists of five digits (Fig. 6A) covered with
macroscopic hairy structures called lamellae (~0.5-3mm in width
and 200-500um in length, Fig. 6B). These lamellae are organized in
a series of multi-arrays localized perpendicular to the longitudinal
axis of each digit; the lamellae are separated one from another. Nanos-
tructured hairy units ~2-5pum in length and ~200nm in diameter,
Figs. 6C, 6D) have been identified on the connection areas between
adjacent lamellae (Fig. 6C) and on the edge of each single digit
(Figs. 7B, C, D). Each lamella is covered with several thousand
setae (10-130pum in length and 3-10um in diameter, density of
~0.014 se‘cae/um2 [12,34], Figs. 8B, 8C), which in turn contain at their
tips hierarchical substructures called spatulae (0.1-0.2 ym wide and
15-20 nm thick, Figure 8D). Terminal claws are located at the top of
each single toe (~500 pm in diameter and ~1mm in length, Fig. 6A)
and guarantee a secure mechanical interlocking on surfaces with high
roughness, i.e., where the diameter of the gecko’s claw tip is smaller
than the roughness [35-40].

FIGURE 6 (A, B) Tokay gecko adhesion system observed by FESEM (ZEISS
SUPRA 40) and (C, D) by SEM (ZEISS EVO 50) (A) Toe and FESEM micro-
graph of the (B) setae. (C) SEM micrograph of the setae and (D) a nanoscale
array of hundreds of spatule.
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FIGURE 7 Tokay gecko adhesion system observed by FESEM (ZEISS
SUPRA 40). (A) Tokay gecko toe. (B, C) The connection area between adjacent
lamellae, that are localized perpendicular to the longitudinal axis of each digit,
is covered by nanostructured hairy units; (D) at high magnification.

3.2. PMMA and Glass Surface Characterization

Table 1 summarizes roughness parameters of the considered PMMA
and glass surfaces. The PMMA (Fig. 9) and glass (Fig. 10) surfaces

FIGURE 8 Tokay gecko adhesion system observed by FESEM (ZEISS
SUPRA 40). (A) Tokay gecko toe. (B, C) The edge of the gecko toe is covered
by nanostructured hairy units; (D) at high magnification.
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TABLE 1 Roughness Parameters of the Considered PMMA or Glass Surfaces

PMMA Glass
Ra [nm] 3.8+0.085 0.80+0.214
Rq [nm] 5.88+0.778 1.4+0.796
Rv [nm] 52.744+14.938 16.88 +£13.895
Rp [nm] 90.06 +28.736 21.6+16.943
Ssk 1.4+0.997 0.79 £0.461
Sdr (%) 0.60+0.046 0.02 +0.007

are different in terms of roughness. In addition, on the glass surface
isolated bubbles of ~1 um in diameter are recognizable.

3.3. Gecko Normal Adhesive Force versus Displacement
Curves

After the first moult on the PMMA surface, we obtained a maximum SF
Jevma(D-1Day = 10.23 in the first test-day. Note that to compute this value
we have considered the measured animal weight (64 g) and the final
hung weight of 723 g (Fig. 4, snapshot 5). In the second test-day, the
gecko reached an average SF reduced by 60% (emma-2pay ~4.1), in
comparison with the maximum value. Finally, the SF reached a mini-
mum value equal to Aeamam)-spay ~ 2.1 during the third test-day. Anal-
ogously, on the glass surface, the final hung weight of 498 g and the
same gecko weight correspond to a maximum SF /qiassm)-1Day ~ 6.8 in
the first test-day. In the second test-day, it is reduced to less than 1
(AG1ass-2Day = 0.5). In the first test-day after the second moult, the final
maximum hung weight of 648 g and the same gecko weight correspond
to a maximum SF /giassan-1pay = 9.13 (Fig. 5, snapshot 5). After four

- 40 nm

-200 nm

FIGURE 9 AFM characterization of the PMMA surface (color figure available
in online).
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587 nm

556 nm

FIGURE 10 AFM characterization of the glass surface (color figure available
in online).

tests on the glass surface, we performed three tests on the PMMA sur-
face, reaching a SF that gradually decreases starting from a value
Jpvma(ID-1Day ~ 5.6 up to a final minimum value Jemmacn-1pay~0.5. In
summary, the final maximum SF is found to be Arvma = emmac)-1
Day = 10.23 on the PMMA surface and Agiass = AGlass(iD-1Day = 9.13 on
the glass surface.

4. DISCUSSION

Figures 4 and 5 report our results of force-displacement curves and
five snapshots of specific gecko configurations on PMMA or glass,
respectively. We condensed all the obtained force-displacement
curves, measured during the best gecko condition (first test-day after
moulting) and in the course of the period after the gecko’s moult
(second and third test-day). In the first test-day after the first
moult, we found the gecko maximum SF on the PMMA surface,
while in the first test-day after the second moult, the maximum SF
on the glass surface was found. The SF of ~10 that we measured
for Tokay geckos is coherent with previous observations. In parti-
cular, in [2], the shear adhesive force was measured. Each gecko
was gently placed with its front feet contacting a nearly vertical acet-
ate sheet (85°) and then slowly pulled in a downward direction. Our
experimental set, instead, permitted us to evaluate the normal force
to detach the Tokay gecko from a horizontal surface (PMMA and
glass). Thus, the maximal shear force can be estimated to be ~40 N
for the living Tokay gecko [2] and now we have calculated the maxi-
mal normal adhesive force equal to 7.1 N on PMMA and 6.4N on
glass.
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Considering a setae density of 14,000 setae/mm? [27,28,34] and a
total gecko pad area of 450 mm?, the shear adhesive force of ~40N
[2], as well as our normal adhesive force of ~6.7N, imply for a single
seta a shear adhesive force equal to 6.2 uN [28] and a normal adhesive
force equal to 1.1 uN. These top-down computations are underesti-
mated, due to the unavoidable presence of defects at the macroscale
of the pads. Indeed, the maximum shear adhesive force of a single seta
was directly measured as equal to ~200uN [19,28,31], leading to a
theoretical shear adhesive force for the gecko of 1250 N [28]; similarly,
the maximum normal adhesive force of a single seta is ~40 uN [27,31],
leading to a theoretical normal adhesive force for the gecko of 250 N
[28]. At the size of the spatulae, only the normal adhesive force has
been determined, equal to ~10nN [29,30,32], which leads to a final
adhesive force for a gecko of 656 N (if we consider that a gecko has
6.5 billions of spatulae [2,28,34]).

From the results at different characteristic sizes, we should con-
clude that the force estimated at the macroscale (i.e., of the whole
gecko) leads to an underestimation of nearly 32 times the microscale
(setae) shear adhesive force and of nearly 36 times the microscale nor-
mal adhesive force; thus, “smaller is stronger” [41,42]. Similarly, at
the nanoscale (spatulae) the normal adhesive strength is nearly 10
times the macroscale [43]. As a consequence of the presence of defects
[26,31] at the level of the entire body, a normal safety factor of ~10 has
to be expected, in order to have a safe attachment and an easy detach-
ment, as we have measured.

Summarizing, the shear adhesive force is equal to ~200uN
[19,28,31] for a single seta and ~40N [2] for the whole gecko, while
the normal adhesive force is equal to ~10nN [29,30,32] for a single
spatula, ~40 um [27,31] for a single seta, and ~7.1 (~6.4) N on PMMA
(glass) for the whole gecko, as here determined. Thus, our result of the
normal adhesive force for the whole gecko gives a contribution to
the characterization of the functionality of the hierarchical adhesive
system of the Tokay gecko [44] and confirms the ratio of 5:1 between
the shear and normal adhesive forces for the whole animal, as
observed by Autumn et al. [33] for a different climbing gecko (Hemi-
dactylus garnotii, ~2g of body mass); interestingly, note that, for
Tokay gecko, such a ratio of 5:1 of the shear to normal adhesive forces
is verified both at macro and micro scales.

In addition, we observed the self-renewal of the gecko adhesive
system after the gecko’s moulting process and a negative effect of
the previously executed experimental tests, leading to a reduction of
the maximal adhesive force.
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4.1. Feet damage

During the first test-day after the second moult, we observed evident
feet damage. As mentioned above, we started by performing four tests
on the glass surface and then on the PMMA surface we performed
three tests, which showed that the gecko detachment force drastically
decreases from one test to the next. In particular, on the PMMA sur-
face, we have noted a decrement of the SF corresponding to 40% from
the first to the second test and to ~85% from the second to the third
test. After the end of these three tests, the gecko could no longer stay
attached with the hind feet. Figure 11 shows the negative effects of our
seven consecutive tests, photographed 1 day after the first test-day
subsequent to the second moult. A diffused inflammation of each gecko
toe and the presence of small thin wound, located on the gecko skin
between one toe and the next, were observed.

Regarding the self-renewal of the gecko adhesive system and abili-
ties after the gecko’s moulting process, we measured an increase of the
gecko SF from /Agiassn-2pay = 0.5 before the second moult to Agiassan-1
Day = 9.13 after the second moult. The increment of SF is also appreci-
able on the PMMA surface: from a SF Jeyya@)-3pay ~ 2.1, before the
second moult, up to Zeymaan-1pay ~ 5.6 after the second moult.

FIGURE 11 Damage on the feet imposed by the adhesive tests: (A) diffused
inflammation of each gecko toe; (B) a healthy gecko foot is here reported for
comparison; (C) small thin wound located on the gecko skin between one toe
and the next (color figure available in online).
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5. CONCLUSIONS

We have measured normal adhesive force-displacement curves of a
live gecko. Thus, the gecko maximum SF was determined to be
Jewma = 10.23 on the PMMA surface, that showed in general higher
roughness and index S, (25 times greater than that of glass), and
Aclass = 9.13 on the glass surface. We observed a clear trend of the
adhesion ability during the period after the moulting: normal adhesive
forces drastically decrease at each subsequent test as a consequence of
the damage of the gecko feet caused by our previously executed experi-
mental tests. Finally, we documented the observed self-renewal of the
gecko adhesive system and abilities after the moulting. The analysis
here reported could have also implications in the design of bio-inspired
smart adhesive materials.
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