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Abstract. We report the experimental description of the entire (about 10 hours long) moulting
process of a female tokay gecko (Gekko gecko) and the related observations on its skin topology. A statistical analysis on the skin tessellation has been performed. A detailed a detailed
scanning electron microscopy (SEM)characterization of the complete adhesive system of the
gecko foot, discovering new peculiarities, as well as of four samples of skin taken from the gecko
back, upper tail, abdomen and upper head is carried out. The gecko skin shows unexpected
complexity, e.g. it is covered by nanohooks (0.2-1.5 m in length and ~30-50 nm in diameter)
superimposed to the evident nearly circular tessellations (circularity ~0.9; area ~0.5 mm2, perimeter ~3 mm). The connection area between next lamellae and the edge of the toe are both
covered with nano-hairs (~2-5 m in length and ~200 nm in diameter). The skin of the eye seems
to be fully anti-adhesive.

1. INTRODUCTION

tecture of its toes, Fig. 1a. Gecko foot consists of
five digits (Fig. 1a) covered with macroscopic hairy
After the pioneering observation by Aristotele [1],
structures called lamellae (~0.5-3 mm in width and
biologists and material scientists posed their atten200-500 m in length, Fig. 1b). These lamellae are
tion on the adhesive abilities of geckos and similar
organized in a series of multi-arrays localized percreatures [2-17] and are nowadays renewing their
pendicular to the longitudinal axis of each digit.
interest on tokay gecko (Gekko gecko) [18-28],
Each lamella area is covered with several thousands
which displays the strongest dry adhesion known
of setae (10-130 m in length and 3-10 m in diamin Nature. Technological applications are conseeter, density of ~0.014 m-2 [11,17], Figs. 1b and
quently envisioned and recently the feasibility of
1c), which in turn contain at their tips hierarchical
Spiderman Suits has been demonstrated [29,30].
substructures called spatulae (0.1-0.2 m wide and
Fracture Mechanics approaches, able to solve prob15-20 nm thick, Fig. 1d). Terminal claws are located
lems in extremely different contexts [31-35], are
at the top of each single toe (~500 m in diameter
expected to play a fundamental role in better underand ~1 mm in length, Fig. 1a) and guarantee a sestanding the animal adhesion.
cure mechanical interlocking on high rough surfaces,
Different techniques based on electron focalizaT
] eVWVb
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S ]Tb
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WW
a
tion, SEM and Field Emission Scanning Electron
smaller than roughness [22]. Furthermore, our
Microscopy (FESEM), has brought about new oppresent observations suggest new peculiarities of
portunities to go under the limitation given by the
the gecko foot (Figs. 2 and 3): nanostructured hairy
wavelength of the visible light and to study the gecko
units (~2-5 m in length and ~200 nm in diameter,
micrometric and sub-micrometric hierarchical archiFigs. 2c, 2d) have been identified on the connection
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Fig. 1. Gecko adhesion system showed by FESEM (ZEISS SUPRA 40) (A, B) and by SEM (ZEISS EVO
50) (C, D). (A) Tokay gecko toe and FESEM micrograph of the setae (B). SEM micrograph of SEM micrograph of the setae (C) and nanoscale array of hundreds of spatula tips (D).

Fig. 2. Gecko adhesion system showed by FESEM (ZEISS SUPRA 40). (A) Tokay gecko toe; (B, C) The
connection area between adjacent lamellae, localized perpendicular to the longitudinal axis of each digit,
are covered by nanostructured hairy units; (D) at high magnification.

area between adjacent lamellae (Fig. 2c) and on
the edge of each single digit (Figs. 3b, 3c, and 3d).
The epidermal adhesive layer, entirely covering
the reptile, has a complex multi-structure: it consists of a new (inner) generation, formed beneath
the older (outer) generation and each of them is
constituted by six distinct layers. In the period between two next moults, the formation of a new inner
generation initiates and goes on, so that the older
generation is shed during the next moult. As a consequence, the gecko replaces the outer generation
with a complete new one at each shedding cycle
[23].

Casual observations reveal little about the mechanism and time scale of the moulting process. We
know that although geckos are not known to groom
their feet yet retain their stickiness and clearness
for all the months between two next moulting processes: gecko setae become cleaner with repeated
use, thus self-cleaning [24]. However, it was also
showed that the gecko's adhesive ability of clinging
to inclined surfaces decreased constantly over a
period of one month after the molting process
[12,24]. Thus the mechanism of the moulting process remains partially unclear.
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Fig. 3. Gecko adhesion system showed by FESEM (ZEISS SUPRA 40). (A) Tokay gecko toe. (B, C) The
edge of gecko toe is covered by nanostructured hairy units; (D) at high magnification.

The aim of this paper is firstly to describe the
entire moulting process of a female tokay gecko in
terms of time and animal actions through a 16hvideo recorded. Secondly, four pieces of the gecko
old skin were taken from four different parts of the
gecko body, FESEM-analyzed and characterized
via a topological statistical analysis. A unexpected
complexity is observed. The eye skin seems to be
fully anti-adhesive.

2. MATERIALS AND METHODS
2.1. Moulting process
The entire moulting process, about 10 hours long,
of a 50 g female tokay gecko (here called G1) was
experimentally video recorded. The animal was left
in its terrarium (a Poly(methyl methacrylate), i.e.
PMMA, box of sizes 32x32x38 cm3), provided with
several air inlets and with the bottom covered with a
natural reptile bedding (Repti Bark).
The considered gecko had been maintained in
captivity prior to the analyzed moult and was in perfect healthy condition before, during and after the
observation. Gecko was maintained in its terrarium
at ~28 l
C. The temperature of the room, in which
the entire moulting process was observed, was ~22
l
C. Gecko fed moths and water ad libitum and crickets two times per week. The gecko feeding was
maintained always the same. The animal did not
show any kind of discomfort, any symptoms of suffering or distress and, in addition, any lasting physical
damages for the absolutely natural conditions of our
observations.

2.2. Scanning electron microscopy
(SEM) and field emission
scanning electron microscopy
(FESEM) new observations
We accurately observed the complete gecko adhesive system (Fig. 1), focusing the SEM and FESEM
eye on particular new unexplored zones, i.e. the
connection area between next lamellae (Fig. 2) and
the edge of the gecko toe (Fig. 3). In addition, we
performed detailed FESEM analyses of the gecko
skin topology, naturally shed during the moulting
process. We observed different gecko body parts:
back and upper tail of G1 (Figs. 4a, 4c and 4b, 4d,
respectively before and after specimen removal),
abdomen and eyes of a 64 g male adult tokay gecko
(here denoted by G2) (Figs. 4e, 4g and 4f, 4h, respectively before and after specimen removal).
Considering Figs. 1, 2, and 3, the investigations
of the hierarchical structure of the gecko toe were
possible by means of SEM (ZEISS EVO 50)
equipped with a lanthanum hexaboride cathode and
FESEM (ZEISS SUPRA 40) equipped with a field
emission tungsten cathode. About SEM analysis,
three frozen and formaldehyde fixed samples of toes
retrieved from two geckos died naturally were unfrozen at room temperature, 5h-dehydrated with ethanol increasing its percentage at every next hour (10%,
30%, 50%, 70%, 100%). Thus, samples were fixed
to aluminium stubs by double-sided adhesive carbon conductive tape (Agar Scientific), 30-min airdried and gold-coated (approx. 40 nm) in a SCD
050 sputter coater (BalTec). About FESEM analy-
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Fig. 4. Details of the gecko skin: back and upper tail of G1 (A, C and B, D respectively before and after
specimen removal), abdomen and eyes of G2 (E, G and F, H respectively before and after specimen
removal, photographed with Kodak V1003): the red circle individuates the specimen area. On the right,
FESEM-samples (photographed with Kodak V1003): the red letters mark the corresponding samples analyzed in the next Figs. (5-8).

sis, the procedure of sample preparation is the same
but the samples are chrome-coated (approx. 20 nm).
Referring to Figs. 5, 6, 7, and 8, the investigations of the three dimensional structures of the skin
surface were carried out only with FESEM (ZEISS
SUPRA 40). To avoid alteration of the thin superficial structures, no fixation procedure was applied
to the gecko skin. Samples of about ~0.8 mm2 were
cut (see Fig. 4) and fixed to aluminium stubs by
double-sided adhesive carbon tape (Nisshin EM Co.
Ltd.), 6h air-dried andchrome-coated(approx.25 nm).

2.3. Statistical topological analysis of
the skin
The gecko skin was statistically analyzed using the
software ImageJ 1.41o. The number of the evident
roughly circular structures, their area, perimeter and
circularity were quantified considering statistically
representative areas of 5x5 mm2. The unit scales of
area and perimeter are mm2 and mm, respectively.
The values of the circularity vary in the range between 0 (straight line) to 1 (perfect circle).
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Fig. 5. Details of the skin of the tokay gecko G1, back (see red circle in Fig. 4B) showed by FESEM
(ZEISS SUPRA 40): from down (A), from up (B).

3. RESULTS
3.1. Moulting process
The entire moulting process was recorded for 16
consecutive hours by DCR SR55E SONY digital
video camera. Gecko started its effective moulting
process at 12:30 a.m. and finished it at 10:30 p.m.
(after 10 hours; we continued to record its move-

ments until 4:30 a.m. of the day after). Significant
events were then extracted using Nero Vision software (Fig. 9).
The camera was located out of the terrarium and
the gecko was left alone, with the exception of the
short (few minutes) operator presence when the
camera orientation was changed from the lateral prospective to the frontal one (after 1h and 45 minutes
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Fig. 6. Details of the skin of tokay gecko G1, upper tail (see red circle in Fig. 4D) showed by FESEM
(ZEISS SUPRA 40): from down (A), from up (B).

from the beginning, see Fig. 9, snapshots 17, 18)
and when the samples of the back and upper tail
skin were collected (see Fig. 9, snapshots 35).

3.2. FESEM observations
SEM micrographs of the gecko skin (Figs. 5, 6,
and 7) show that the skin of the back, upper tail and

abdomen of the animal body is covered with
nanostructured hairy units similar to those identified on the connection area between next lamellae
(Fig. 2) and on the edge of each single toe (Fig. 3).
From the micrographs, we can distinguish hairy units
of ~0.5-1 m in length and ~50 nm in diameter for
the back skin, ~0.5-1.5 m in length and ~30-50
nm in diameter for the upper tail skin and ~0.2-1 m

New topological and statistical observations on the moult and skin of tokay geckos

75

Fig. 7. Details of the skin of tokay gecko G2, abdomen (see red circle in Fig. 4F) showed by FESEM
(ZEISS SUPRA 40): from down (A), from up (B).

in length and ~50 nm in diameter for the abdomen
skin. Thus, comparing these dimensions with those
of the hairy units discovered in the toe (~2-5 m in
length and ~200 nm in diameter), we conclude that
the two hairy units are similar, but scaled by a
factor of about 3. The inability of the metallization
to adhere on the eye skin seems to preliminary
suggest an anti-adhesive and thus self-cleaning
surface, perhaps developed for maximizing the

visual ability in critical conditions (e.g. as anti-fogging mechanism, as observed in other animals).

3.3. Statistical analysis
Tables 1, 2, 3, and 4 summarize the average parameters of area, perimeter, circularity of the skin
structures. The standard deviation (SD), the maximum and minimum values are also reported. Note
that samples A3 and B3 in Fig. 10 were double-
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Fig. 8. Details of the skin of tokay gecko G2, eye (see red circle in Fig. 4H) showed by FESEM (ZEISS
SUPRA 40). The inability of the metallization to adhere on the eye skin seems to preliminary suggest an
anti-adhesive and thus self-cleaning surface, perhaps developed for maximizing the visual ability in critical
conditions (e.g. as anti-fogging mechanism, as observed in other animals).

analyzed: in Table 1 B and 2 B, we isolated the
calculation of the above mentioned parameters for
specific 3D conical structures (coloured in light yellow in Fig. 10), found in the number of 2 within the
5x5 mm analyzed areas. The summary of the calculated parameters is shown in Fig. 11.

4. ADHESION AND ANTI-ADHESION
From one hand, it was demonstrated that the
US Y]q
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by a factor of about 10 (in terms of adhesion times)
[22,25]. Noting that the van der Waals forces F dW,
mainly responsible for the gecko adhesion, can be
described as F dW = k/s3, where k is a constant and
s represents the contact separation, we here roughly
estimate the role of the moult on the gecko adhesion. Even if the contact separation has to be of the
order of the nanometer in order to match the observed setal forces, we simply assume here a value
for s of the order of the thickness t of the new skin
for the configuration just after the moult and of the
order of 2t (new plus old skin) before the moult. As
a consequence, the ratio of the adhesive forces just
after and before the moulting process is predicted

to be F dW (s = t)/F dW(s = 2t) = 8. Note that such a
prediction is independent from the actual thickness
t of the skin and suggests that the contact separation s is reduced by a factor of 2-3 after the moult.
On the other hand, we want here to stress again
the inability of the metallization to adhere on the
skin of the eye (Fig. 8), which seems to preliminary
suggest an anti-adhesive and thus self-cleaning
surface, perhaps developed for maximizing the visual ability in critical conditions.

5. CONCLUSIONS
We have reported the experimental description of
the entire moulting process of a female tokay gecko
and of the related observation on its skin topology.
The gecko skin shows unexpected complexity, e.g.
it is covered by nanohooks (0.2-1.5 m in length
and ~30-50 nm in diameter) superimposed to the
evident nearly circular tessellations (for them the
statistical analysis suggests values of circularity of
~0.9, mean area of ~0.5 mm2 and mean perimeter
of ~3 mm). The connection area between next lamellae and the edge of the toe are both covered with
nano-hairs (~2-5 m in length and ~200 nm in di-
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Fig. 9. Snapshots (ss) of the entire moulting process of the gecko G1. Staying on the bottom of its terrarium,
the gecko begun its moulting process using its tongue to try to remove the older generation skin from its head
O RSg
Saa
a'r 0
W
b
] S SReW
RSW
b
a[]cb
VW]RS b
]T
OW
Z
W
b
Ob
Sb
VSRSb
O V[S b
]T
b
VS]Z
Ra
Y
WT][b
VS Se
]Sa
a) 4T
b
S OZ
[]a
b
( [W US Y
]a
b
Ob
SRb
] S[]d
SW
b
a]Z
Ra
Y
WT][b
VST
]S W
UVb
T
]]ba
a r-0
W
bcb
b
VS
toes in its mouth in order to easily remove its old skin. The old skin generation of its fore right foot was entirely
eaten and the result is shown in ss 7 (note the clean fore right foot). After only 1 min, gecko proceeded with its
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(note the clean fore left foot in ss 15). Afterwards, gecko left the bottom and came up to the vertical surface of
the terrarium (ss 16, 17). The animal stayed on the vertical surface almost 45 min motionless and made only
few steps on the bottom and again on the vertical surface during the following 45 min, reaching the position
shown in ss 18. Thus, gecko tried to clean its hind left foot but its adhesion on surface was not sufficient to
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a
hind left foot positioning again on the bottom of the terrarium. Gecko spent less than 15 min for this operation
and then returned on the vertical surface. The result is shown in ss 22 (note the clean hind left foot). After only
few seconds, the procedure of removing the old skin from the last hind right foot was started: gecko begun with
the skin of its right side (ss 23-24) and continued taking off the old skin from its hind right foot, as an adherent suit
a
a( r)) (Fig. 9 continuance) The technique of taking off the old skin from the toes of the hind right foot
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skin of gecko back and upper tail were taken and the result is shown in ss 35. No more snapshots were
reported in Fig.10 due to the inappropriate location of the digital video camera focus with respect the new
animal position.
After making clean all its feet, gecko stayed almost motionless for 70 min on the vertical surface. At 4
h and 20 min from the beginning, it came down to the bottom of the box and made its tail completely clean
in 3 min using only its mouth. After 110 min almost motionless (so at 6 h and 30 min), gecko begun the
procedure of making its head completely clean rubbing its head against the small pieces of bark the bottom
is covered of. This procedure was stopped for about 145 min and then restarted (so 9 h from the beginning)
following the same technique and with the final help of its hind foot in order to scratch out the last piece of
old skin from its head (this happened after 10 h from the beginning). After making all its body clean,
removing the skin of the old generation, the animal maintained its last position motionless on the bottom
and nothing happens for the following 6 hours.

Fig. 10. Statistical topological analysis of the gecko skin (photographed with Kodak V1003 and acquired
with the software ImageJ 1.41o): back (A1) and upper tail (B1) of G1, abdomen (C1) and head (D1) of G2.
Photographs A1, B1, C1 and D1 refer to samples of Fig. 4 (A, C, E and G respectively). A2, B2, C2 and D2
insets show the grayscale image of the analyzed 5x5 mm areas. A3, B3, C3 and D3 insets present the final
result of the image acquisition. Note that A2 and B2 insets show 3D conical structures, marked in light
yellow in A3 and B3 insets and accordingly analyzed separately (Tables 1B and 2B).
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Table 1. Statistical topological analysis of the back skin (G1). These data refer to Fig. 9, series A: the
parameters of the white almost-circular structures are summarized in Table 1A; the parameters of the light
yellow almost-conical structures are summarized in Table 1B.
Table 1A.
l2(/
Average value
SD
Max Value
Min Value

Area (mm2)

Perimeter (mm)

Circolarity

0.313
0.07308
0.435
0.136

2.226
0.26154
2.636
1.557

0.782
0.04472
0.856
0.696

Area (mm2)

Perimeter (mm)

Circolarity

1.840
0.07707
1.894
1.785

5.164
0.12304
5.251
5.077

0.867
0.00495
0.870
0.863

Table 1B.
l2(
Average value
SD
Max Value
Min Value

Table 2. Statistical topological analysis of the upper tail skin (G1). These data refer to Fig. 9, series B: the
parameters of the white almost-circular structures are summarized in Table 2A; the parameters of the light
yellow almost-conical structures are summarized in Table 2B.
Table 1A.
l2(/
Average value
SD
Max Value
Min Value

Area (mm2)

Perimeter (mm)

Circolarity

0.472
0.15956
0.686
0.100

2.698
0.50616
3.281
1.239

0.788
0.04584
0.826
0.643

Area (mm2)

Perimeter (mm)

Circolarity

1.832
0.11455
1.913
1.751

5.259
0.01202
5.267
5.250

0.833
0.04879
0.867
0.798

Table 1B.
l2(
Average value
SD
Max Value
Min Value

Table 3. Statistical topological analysis of the abdomen skin (G2). These data refer to Fig. 10, series C.
l2',
Average value
SD
Max Value
Min Value

Area (mm2)

Perimeter (mm)

Circolarity

0.874
0.04765
0.947
0.799

3.553
0.12104
3.722
3.367

0.870
0.01684
0.903
0.839
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Table 4. Statistical topological analysis of the upper head skin (G2). These data refer to Fig. 10, series D.
l2-

Area (mm2)

Perimeter (mm)

Circolarity

Average value
SD
Max Value
Min Value

0.156
0.08683
0.474
0.003

1.513
0.46079
3.038
0.260

0.794
0.10723
0.902
0.348

a)

b)

Fig. 11. Summary of the statistical analysis for both area and perimeter skin structures (the conical structures are not considered here).

ameter). The moult, a well-documented complex
process about 10 hours long, increases the adhesion ability by a factor of ~10. The inability of the
metallization to adhere on the eye skin seems to
preliminary suggest an anti-adhesive and thus selfcleaning surface, perhaps developed for maximizing the visual ability in critical conditions (e.g. as
anti-fogging mechanism, as observed in other animals).

ACKNOWLEDGMENTS
FVSOcb
V]ae]cZ
RZ
W
YSb
]b
VO Yb
VSo
()FE OZ
cPOb
]SRSZ
Z
q
GW
d
SaW
b
jRWF
]W]pT
]b
VSE8@
imaging instruments and M.G. Faga, CNR-ISTEC
member, Chemical Department IFM and NIS Centre of Excellence, University of Torino for the fundamental help performing the SEM micrographs.

REFERENCES
[1] Aristotle, Historia Animalium, Book IX, Part 9
(The Clarendon Press, Oxford, 1918).
[2] O. Cartier // FQ
IBNEL ZQ 8IXR MFE
Gesell. 1 (1872) 83.
[3] A. Haase // Archiv. f. Naturgesch 66 (1900)
321.
[4] H. Gadow, The Cambridge natural history, Vol.
8. Amphibia and reptiles (McMillan and Co.,
London, 1901)

[5] F. Weitlaner // Verhdl. Zool. Bot. Ges. Wien.
52 (1902) 328.
[6] H.R. Schmidt // FNBJ
RDIFAFJ
S
RDIQ
J
G
SG
ZQ
Naturwissenschaft 39 (1904) 551.
[7] S.L. Hora // J. Proc. Asiat. Soc. Beng. 9
(1923) 137.
[8] W.-D. Dellit // FNBJ
RDIFAFJ
S
RDIQ
J
G
SG
ZQ
Naturwissenschaft 68 (1934) 613.
[9] B.C. Mahendra // Proc. Indian Acad. Sci.,
Sec. B 13 (1941) 288.
[10] P.F.A. Maderson // Nature 203 (1964) 780.
[11] R. Ruibal and V. Ernst // J. Morph. 117 (1965)
271.
[12] U. Hiller // AFJ
S
RDIQ
J
G
S
G
ZQ OQ
PIOL
OHJ
FEFQ
Tiere 62 (1968) 307.
[13] U. Hiller // Forma et functio. 1 (1969) 350.
[14] J.G.J. Gennaro // Journal of Natural History
78 (1969) 36.
[15] E.E. Williams and J.A. Peterson // Science
215 (1982) 1509.
[16] N.E. Stork // Journal of Experimental Biology
88 (1980) 91.
L
'-M; ; E VZ
SWVO RI kab
Z
S%
%AmphibiaReptilia 7 (1986) 141.
[18] D.J. Irschick, C.C. Austin, K. Petren,
R. Fisher, J.B. Losos and O. Ellers // Biol.
J. Linn. Soc. 59 (1996) 21.
[19] Y.A. Liang, K. Autumn, S.T. Hsieh, W. Zesch,
W.-P. Chan, R. Fearing, R.J. Full and T.W.

New topological and statistical observations on the moult and skin of tokay geckos
Kenny // Technical Digest of the 2000 SolidState Sensor and Actuator Workshop. 2000
(2000) 33.
[20] K. Autumn, Y.A. Liang, S.T. Hsieh, W. Zesch,
W.-P. Chan, W.T. Kenny, R. Fearing and R.J.
Full // Nature 405 (2000) 681.
[21] K. Autumn, M.J. Ryan and D.B. Wake //
Q. Rev. Biol. 77(4) (2002) 383.
[22] E. Lepore, F. Antoniolli, S. Brianza,
M. Buono, A. Carpinteri and N. Pugno //
Journal of Nanomaterials Volume 2008
(2008) Article ID 194524, 5 pages.
[23] N.W. Rizzo, K.H. Gardner, D.J. Walls, N.M.
Keiper-Hrynko, T.S. Ganzke and D.L.
Hallahan // J. R. Soc. Interface 3 (2006) 441.
[24] W.R. Hansen and K. Autumn // Proceedings
of the National Academy of Sciences of the
United States of America 102(2) (2005) 385.
[25] N. Pugno and E. Lepore // The Journal of
Adhesion 84 (2008) 949.
[26] G. Huber, S.N. Gorb, R. Spolenak and
E. Arzt // Biol. Lett. 1 (2005) 2.

81

[27] K. Autumn, M. Sitti, Y.A. Liang, A.M. Peattie,
W.R. Hansen, S. Sponberg, T.W. Kenny,
R. Fearing, J.N. Israelachvili and R.J. Full //
Proc. Natl Acad. Sci. 99 (2002) 12252.
[28] N.M. Pugno and E. Lepore // Biosystems 94
(2008) 218.
[29] N.M. Pugno // Journal of Physics Condensed
Matter 19 (2007) 395001.
[30] N.M. Pugno // Nano Today 3 (2008) 35.
[31] N.M. Pugno // Int. J. Of Fracture 140 (2006)
159.
[32] M. Ippolito, A. Mattoni, L. Colombo and N.M.
Pugno // Physical Review B 73 (2006)
104111.
[33] N.M. Pugno, B. Peng and H.D. Espinosa //
Int. J. Of Solids and Structures 42 (2004)
647.
[34] N.M. Pugno // Acta Materialia 55 (2007)
5269.
[35] N.M. Pugno // Acta Materialia 55 (2007)
1947.

