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Chapter 1

The Weibull Statistics Applied to the 
Adhesion Times of Living Tokay Geckos 
on Nanorough Surfaces

Abstract

In this chapter we demonstrate that living tokay geckos (Gekko gecko) display 
adhesion times following Weibull Statistics. We have considered two different 
geckos, male or female, adhering on different surfaces, glass or Poly(methyl 
meth-acrylate) (PMMA) with different roughness. We have performed detailed 
surface topography characterizations by means of a three-dimensional optical 
profilometer. The analysis suggests the existence of a “weakest link” in the 
gecko’s adhesion and is able to quantify its degree of brittleness for different 
surface roughness.

1.1. Introduction

In the world, there are more than 1050 species of geckos divided into 50 
families. The Tokay gecko (Gekko gecko) is the second largest gecko species: 
an individual can weigh up to 150-200 grams. The gecko’s climbing ability 
has attracted human attention for more than two millennia. The gecko’s ability 
to “run up and down a tree in any way, even with the head downwards” has 
been observed since the time of Aristotle (Aristotle, 343), who mentioned 
these curious creatures in his manuscript, Historia Animalium, written four 
centuries before Christ. 

Until the mid-twentieth century, scientific observations had not permitted 
a thorough understanding of the capacity of the gecko to stay stuck 
motionless or running on vertical or inverted surfaces (Simmermacher, 
1884; Schmidt, 1904; Dellit, 1934; Ruibal, 1965). Only after the electron 
microscopy’s development in the 1950s were researchers able to note the 
hierarchical, from the nano- to the macro-scale, morphology of the gecko’s 
feet (Autumn, 2006a; Russell, 1975; Russell, 1986; Schleich, 1986; Gennaro, 
1969). A Tokay gecko’s foot consists of hierarchical structures (Fig.1.1) 
starting with macroscopic lamellae (soft ridges ~1 mm in length), from which 
branch off setae (30-130 μm in length and 5-10 μm in diameter). Each 
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setae terminates with 100-1000 substructures such as spatulae (0.1-0.2 μm 
wide and 15-20 nm thick), responsible for the gecko’s adhesion. More 
recently, numerous studies (see (Hiller, 1968; Autumn, 2002a; Autumn, 2007; 
Autumn, 2008; Arzt, 2003; Autumn, 2002b; Bergmann, 2005; Huber, 2005a; 
Autumn, 2006b; Autumn, 2006c; Autumn, 2000; Huber, 2005b) and related 
references) explain the factors that allow the gecko to adhere to and detach 
from surfaces. Very recently, van der Waals attraction (Autumn, 2000) and 
capillarity (Huber, 2005b) have been recognized as the key mechanisms in 
the gecko’s adhesion.

Like geckos, many other creatures such as beetles, flies and spiders 
possess the remarkable ability to move on vertical surfaces and ceilings  
(e.g. see (Stork, 1980; Dai, 2002) and related references). Their adhesive 
abilities arise from the micro/nanostructures that compose their attachment 
pads. It is noteworthy that, as the mass of the creature increases, the size 
of the terminal attachment elements decreases and their densities increase 
(Arzt, 2003) to enhance the adhesion strength. Thus, moreso than insects and 
spiders, geckos exhibit the most versatile and effective dry adhesion known 
in nature, as imposed by their larger mass. Mimicry of the gecko’s adhesion 
could lead to a revolution in material science (Yurdumakan, 2005; Haeshin, 
2007; Lepore, 2008; Pugno, 2008a; Pugno, 2008b; Lepore 2010) or even the 
invention of Spiderman suits (Pugno, 2007a).

In this study, we report new observations on the adhesion times of living 
tokay geckos following two different in vivo experiments. We have considered 
two different geckos, one male and female, adhering on different surfaces, 
glass and Poly(methyl meth-acrylate) (PMMA) with different roughness. All 
surfaces were previously analysed with a three-dimensional (3D) optical 
profilometer. The data have been treated using Weibull statistics, showing a 
relevant statistical correlation.

Although the measurement of failure time is an interesting parameter, 
it cannot be directly correlated with the force and energy values of prior 
studies. Moreover, since our data are from live geckos, the role of the animal’s 
behaviour in failure time cannot be a priori excluded and the adhesion times 
have to be considered as indicative of the entire biosystem, i.e., not only 
of the animal’s adhesive ability but, for example, also of muscular fatigue  
(it is well-known that geckos must produce shear forces to maintain adhesive 
forces (Autumn, 2006b). Given the long attachment times, it is possible 
that the geckos might have become fatigued, limiting their clinging ability). 
Nevertheless, the extraordinary adhesive ability that we have observed 
after moulting suggests that the measured adhesion times are mainly linked 
to adhesive ability and are scarcely influenced by other factors, such as 
muscular fatigue.
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1.2. Surface Characterization

The characterization of PMMA and glass surfaces was performed with a 
three-dimensional (3D) optical profilometer, Talysurf CLI 1000, equipped 
with the CLA Confocal Gauge 300 HE (300 μm range and 10 nm vertical 
resolution), both from Taylor Hobson, Leicester, UK. The parameters tuned 
during the analysis were the measurement speed (50 μm/s), the sampling rate  
(100 Hz), the measured area (0.1 x 0.1 mm2), the resolution in “xy” plane 
(0.5 μm), leading to a final resolution of 201 points/profile. All parameters 
were referred to a 25 μm cut-off.

Figure 1.1 The gecko’s hierarchical adhesive apparatus. (A) Ventral view of the Tokay gecko 

(Gekko gecko). (B) Gecko’s foot. Scanning electron microscope (SEM) micrographs of (C) the setae, (D) 

at higher magnification, (E) terminating in hundreds of spatula. 

The roughness parameters of interest were: the standard amplitude 
parameters Ra, Rq, Rp, Rv, Ssk and the hybrid parameters Sdr (for details, see

Fig.1.2). Ra represents the arithmetical average roughness 
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the height of the highest peak and the depth of the deepest valley (absolute 
values). Sa, Sq, Sp, Sv have the same meaning of Ra, Rq, Rp, Rv, but refers to 
surfaces and not to areas. The parameters Ssk and Sdr offer a comprehensive 
overview of the surface’s characteristics, indicating, respectively, the surface 
skewness and the surface complexity. When Ssk is close to 0, the surface
is equally distributed on the middle plane (pm), 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 
Sdr compares the effective surface (le) with the nominal one (ln): when close to 
0%, the surface is smooth, when higher the surface is characterized by a specific 
superficial complexity. 

Figure 1.2 General scheme of a profile for the definition of the roughness parameters.

Virgin PMMA and glass surfaces, tested in the first experiment, present nearly 
homogeneous roughness without significant anomalous alterations, apart from 
small isolate bubbles on the surface of glass derived from melting during the 
fabrication process. Figs.1.3 and 1.4 show the virgin PMMA and glass surface 
(A) three-dimensional topographies and (B) two-dimensional profiles. PMMA 
surfaces with different roughness, namely PMMA2400 or PMMA800, have also 
been considered. PMMA2400/800 surfaces are obtained by a manual process 
that consists of clockwise circular movement for 2 minutes on the material 
sample using sandpaper 2400/800. Figs.1.5 and 1.6 show the PMMA2400/800’s 
surface (A) topographies and (B) profiles. We note that the roughness parameters 
allow us to appreciate the differences between virgin PMMA and glass surfaces 
and, more importantly, become nearly one order of magnitude greater for 
machined PMMA surfaces (with the exception of the skewness that changes 
sign). Table 1.1 summarizes average roughness parameters of the characterized 
surfaces.
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Table 1.1 Roughness parameters of the characterized surfaces.

Glass PMMA PMMA2400 PMMA800

Sa (µm) 0.031 ± 0.0019 0.033 ± 0.0034 0.481 ± 0.0216 0.731 ± 0.0365

Sq (µm) 0.041 ± 0.0034 0.042 ± 0.0038 0.618 ± 0.0180 0.934 ± 0.0382

Sp (µm) 0.366 ± 0.1649 0.252 ± 0.0562 2.993 ± 0.1845 4.62 ± 0.8550

Sv (µm) 0.434 ± 0.2191 0.277 ± 0.1055 2.837 ± 0.5105 3.753 ± 0.5445

Ssk -0.381 ± 0.4630 -0.122 ± 0.1103 0.171 ± 0.1217 0.192 ± 0.1511

Sz (µm) 0.609 ± 0.2791 0.432 ± 0.1082 4.847 ± 0.2223 6.977 ± 0.2294

Sdr (%) 0.574 ± 0.0724 0.490 ± 0.0214 15.1 ± 1.6093 28.367 ± 2.2546

A 

B

Figure 1.3 PMMA virgin surface. (A) Three-dimensional topography. (B) Two-dimensional profile 

(extracted at 50 μm from the edge of the square measured area).
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A

A

B

Figure 1.4 Glass surface. (A) Three-dimensional topography. (B) Two-dimensional profile (extracted 

at 50 μm from the edge of the square measured area).

For the first experiment, the roughness parameters Sa and Sq did not 
allow appreciation of significant differences between virgin PMMA and glass 
surfaces. In particular, the parameter Sa represents the area between the 
middle line and the roughness profile, but it is a measurement which cannot 
distinguish the difference between solid areas and voids. For this reason it 
could not provide information about the superficial design and the skewness 
of the surface. However, in the second experiment the roughness parameters 
Sa and Sq of PMMA2400 and PMMA800 revealed the first important difference 
between machined PMMA surfaces and virgin PMMA: these two surface 
parameters present a value one order of magnitude higher than those of virgin 
PMMA.
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The present study focuses on the parameters Sp, Sv and Sz, combined with the 
parameter Ssk and the roughness parameter, Sdr because of their significance 
in surface characterization. The roughness parameters, Sp and Sv, denote that 
virgin PMMA and glass have similar values for the highest peak and deepest 
valley (magnitude of hundreds of nm). The same observation can be made for 
PMMA2400 and PMMA800, but for the latter surface the values of Sp and Sv are 
of a few μm (~3 and ~4 μm, respectively), one order of magnitude higher than 
those of virgin PMMA and glass.

When we consider the Sp and Sv parameters, the virgin PMMA surface shows 
lower values than glass and, as expected, PMMA2400 presents lower values 
compared to PMMA800. However, both virgin PMMA and glass have higher 
values for the Sv parameter compared to the respective value of Sp. This 
indicates a surface characterized by higher depth (absolute value) of valleys 
compared with the height of peaks. As a consequence of the manual process of 
surface manufacture, both PMMA2400 and PMMA800 denote a reverse trend, 
showing a surface with higher height of peaks in comparison with the depth 
(absolute value) of valleys.

Moreover, an analysis of the Sz parameter reveals the spatial distribution 
of the five highest peaks and five deepest valleys. The virgin PMMA surface is 
characterized by less marked peaks and valleys compared to the glass surface 
(Sp-SmPMMA < Sp-Glass, Sv-SmPMMA < Sv-Glass), but on the virgin PMMA surface the five 
highest peaks are nearer to one another (Sz-SmPMMA = 0.432 μm) than those of the 
glass surface (Sz-Glass = 0.609 μm). Both the virgin PMMA surface and glass surface 
show negative Ssk, indicating a trend of plateau and several deep thin valleys, which 
support our findings about the Sp and Sv parameters. This trend is more marked 
on the glass surface than on the virgin PMMA surface. PMMA2400 and PMMA800 
possess positive Ssk values, which indicate a trend of plateau and several peaks in 
agreement with the previously reported results for the Sp and Sv parameters.

In conjunction with Ssk, Sdr describes the complexity of the surface. Both 
virgin PMMA and glass are characterized by small values of the Sdr parameter 
(Sdr < 1 %), indicating that both surfaces have a reduced superficial complexity; 
the maximum value, obtained for the glass surface, indicates that the measured 
area of the curvilinear surface exceeds the area of the support surface by a 
maximum factor of 0.574%.

In contrast, the two machined surfaces (PMMA2400 and PMMA800) present 
a high superficial complexity, so the real measured area exceeds the support 
scanning area by a factor of ~15 % and ~28 %, respectively.

Figs.1.3B and 1.4B present the characteristic profiles of virgin PMMA and glass 
analysed in the first set of experiments. These profiles confirm our previously 
reported findings in that both surfaces have mainly plateau and several deep 
thin valleys. This feature seems to be more marked on the glass profile than on 
the virgin PMMA profile. During our analysis, extracted profiles enabled us to 
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make some further observations. The glass profile is characterized by a higher 
irregularity compared to the PMMA profile; it shows very deep thin valleys close 
to very marked peaks. On the contrary, in the distribution of valleys and peaks, 
virgin PMMA presents a profile that is nearer to the middle line; the height of 
peaks and valleys is of the same order of magnitude compared to the glass 
profile’s height, while the lateral width is almost one order of magnitude higher 
than that of the glass profile. 

Figs.1.5B and 1.6B present the characteristic profiles of machined surfaces 
(PMMA2400 and PMMA800) analysed in the second set of experiments and 
compared to virgin PMMA. Their superficial profiles are similar and show a regular 

A

B

Figure 1.5 PMMA2400 surface. (A) Three-dimensional topography. (B) Two-dimensional profile 

(extracted at 50 μm from the edge of the square measured area).
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spatial design. In the PMMA2400 profile, the wavelength lPMMA2400 ≈ 7-8 μm
with some scattered irregularities can be recognized, whereas PMMA800 shows 
a wavelength lPMMA800 ≈ 10-12 μm and a semi regular sinusoidal superficial 
profile. The quantitative difference to emphasize between these two surfaces is 
the height of the peaks and valleys: the PMMA800 surface presents an absolute 
height hPMMA800 ≈ 2 μm, which is double the height of the peaks and valleys for 
PMMA2400 (hPMMA2400 ≈ 1 μm).

A

B

Figure 1.6 PMMA800 surface. (A) Three-dimensional topography. (B) Two-dimensional profile 

(extracted at 50 μm from the edge of the square measured area).
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1.3. Weibull Statistics

We analysed the gecko’s adhesion times using the well-known Weibull statistics. 
This analysis is usually applied to describe the strength and fatigue life of 
solids since it is based on the weakest link concept. Thus, we treat the gecko’s 
detachment as an interfacial failure. The significant statistical correlation 
discovered in the presented analysis suggests the existence of a weakest link in 
the animal’s adhesion, which is rigorously quantified by the Weibull shape and 
scale parameters by data fitting. 

Accordingly, the distribution of failure (F) describing the cumulative 
probability for the gecko’s detachment is expected to be:
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where t is the measured adhesion time, m is the shape parameter (governing 
the standard deviation), or Weibull modulus, and t0 is the scale parameter 
(governing the mean value) of the distribution of failure. 

The cumulative probability Fi(ti) can be obtained experimentally as
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where N is the total number of measured adhesion times ti and t1, . . . , tN, are 
ranked in ascending order.

All experiments were performed at room temperature (~23 °C) and humidity 
(~75 %). Each set of measurements was performed on different days. The time 
between one measurement and the following within the same set is only the 
time needed to rotate the box (~14 s) in order to place the gecko again in a 
downward position.

1.3.1. The First Set of Experiments

We considered a female gecko (G1) adhering on inverted virgin PMMA and glass 
surfaces under only its own weight (~46 g). The animal was placed in its natural 
position on the horizontal bottom of a box (50 cm x 50 cm x 50 cm) composed 
of the characterized surfaces. The box was slowly rotated until the gecko reached 
a downward position; at that time the gecko’s adhesion time was measured.  
We excluded any trial in which the gecko walked on the inverted surface, and the 
time measurement was stopped when the gecko broke loose from the inverted 
surface and jumped on the bottom of the box. A similar experiment was performed 
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with a male gecko (G2, weight of ~72 g), but in this case the time was stopped 
at the first detaching movement of the gecko’s feet. The different measurement 
strategies do not significantly affect the statistics of the results, confirming their 
robustness.

Fig.1.7 presents Weibull statistics applied to the results of the five 
measurements of adhesion of G1 on a virgin PMMA surface; only one set is taken 
during the moult (X-dots). Similarly, Fig.1.8 shows the Weibull interpretation of 
four sets of G1 and two of G2 (dashed lines) on the glass surface.

Figure 1.7 Weibull statistics applied to the four data sets for G1 and in the case of moulting (X-dots) 

on virgin PMMA.

Figure 1.8 Weibull statistics applied to the four data sets for G1 and the two data sets for G2 (dashed 

lines) on glass.
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Table 1.2 summarizes the values of the Weibull modulus, m (shape parameter), 
and the scale parameter, t0, for each set on virgin PMMA (mPMMA and t0PMMA) and 
glass (mGlass and t0Glass).

Table 1.2 Weibull Modulus m (shape parameter) and the scale parameter t0 for each gecko and set, on 
virgin PMMA (mPMMA and t0PMMA) and on glass (mGlass and t0Glass).

Virgin PMMA Glass 

Scale parameter 
mPMMA

 Shape parameter 
t0PMMA (s)

Scale parameter
mGlass

Shape parameter 
t0Glass (s)

Gecko 
G1

1 set 0.826 2178.6 1.857 12.5

2 set 1.074 278.2 1.79 14.1

3 set 0.649 329.2 2.241 15.0

4 set 1.358 413.9 2.504 22.8

Gecko 
G2

1 set \ \ 1.798 55.6

2 set \ \ 2.129 19.9

Average value 0.977 800.0 2.053 23.3

We observed the adhesive ability of G1 after moulting which significantly 
increased the time of adhesion by 1000 % for PMMA and 20000 % for 
glass, corresponding to adhesion times of hours. This again confirms that the 
predominant limitation of the gecko’s detachment is its adhesive ability and that 
such an ability is limited by pollutant factors that are efficiently removed by the 
moult.

Considering the average values for the virgin PMMA surface, the Weibull 
modulus is found to be mPMMA ≈ 1 and the scale parameter t0PMMA is exactly 
800 s, corresponding to 13 minutes and 20 s. In each set of measurements on 
the PMMA surface, the correlation R2 is high, showing coefficients of correlation 
R2 > 0.7 in the first set and R2 > 0.9 in the following three sets. For the average 
values for the glass surface, the Weibull modulus is found to be mGlass ≈ 2 and 
the scale parameter t0Glass is ≈ 23 s, one order of magnitude less than the value 
of the scale parameter found for virgin PMMA. In each set of measurements on 
the glass surface, the correlation R2 is high, showing coefficients of correlation 
R2 > 0.9 in the first two sets using G1 and in the two sets using G2, and R2 > 0.8 
in the following two sets using G1.

Weibull statistics were also applied to the set of failure times (Fig.1.7) 
represented by the yellow dotted line set. These data were gathered during the 
gecko’s moulting process on the virgin PMMA surface. Its capacity for adhesion 
is reduced to a few minutes. In this case, the Weibull modulus (mPMMA-M) is found 
to be ~2.2 and the correlation is R2 = 0.94. The scale parameter t0PMMA-M is ~200 s, 
corresponding to 3 minutes and 20 s. As the failure shape parameter m suggests, 
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the time values have a tendency to be closer to one another. When the shape 
parameter m is high, very high or very low adhesion times become less probable. 
The probability distribution is less spread over all possible values and becomes 
symmetric to the scale parameter value t0 and the time failure process 
becomes almost deterministic. The failure times have a magnitude of hundreds 
of seconds (Table 1.3, Test 1). 

Table 1.3 Adhesion times on virgin PMMA (Test 1) during the moult, (Test 2) on glass surface, and 
(Test 3) on virgin PMMA not during the moult.

Test 1 Test 2 Test 3

Test n° Time (s) Test n° Time (s) Test n° Time (s)

1 59 1 9 1 8

2 104 2 10 2 13

3 108 3 11 3 36

4 108 4 12 4 67

5 142 5 13 5 87

6 148 6 13 6 93

7 190 7 14 7 212

8 192 8 15 8 550

9 216 9 22 9 660

10 310 10 24 10 936

11 380 11 25 11 2703
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The adhesion tests on glass demonstrate a similar trend in the distribution 
probability function. In this case, the averaged value (mGlass) emerges to be equal 
to 2, showing an inferior dispersion of measured adhesion time data (magnitude 
of tens of seconds (Table 1.3, Test 2)). The virgin PMMA adhesion tests instead 
present a shape parameter value (mPMMA) equal to 1. The lower the parameter m, 
the more variable the failure time. In this case, the values are strongly variable 
over two orders of magnitude (Table 1.3, Test 3).

As our results confirm, on the PMMA surface the gecko shows higher failure 
times. Thus, we can form the hypothesis that, on PMMA surfaces during high time 
intervals, different causes of detachment can be introduced and be very variable, 
linked to the external factors of the experimental box, e.g. sound, light, and 
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movement, or physiological factors of the gecko, e.g. hunger, cooling, disinterest, 
and muscular fatigue. On the other hand, on glass and virgin PMMA surfaces during 
moulting, the ability of the gecko to remain attached drastically decreases. The 
gecko realizes adhesion with several difficulties, and detachment occurs when it 
is unable to remain attached any longer. This is the explanation for the narrower 
spread of values obtained from these test measurements. As a consequence, on 
glass and on virgin PMMA surfaces during moulting, failure of the gecko’s adhesive 
system certainly occurs at the instant of detachment and so the shape parameter 
mGlass, mPMMA-M and the scale parameter t0Glass, t0PMMA-M have been correctly estimated. 
mGlass and t0Glass correspond to the real adhesive capabilities and characteristics of 
the Tokay gecko’s foot system on glass surfaces.

According to the above-mentioned causes for detachment on PMMA surfaces, 
the gecko’s detachment can also be linked to a limited number of variable 
physiological and external factors. Moreover, the test condition plans to use only 
two geckos. In both our experiments, we checked firm values of mPMMA and t0PMMA 

for the Tokay gecko on PMMA surfaces and the subsequent relation between 
the failure of the gecko’s adhesive system and the surface roughness. We start 
from two basic concepts: two different methods used for the measurement of 
failure time and the observed repeatability of trials of two geckos on different 
and successive days. The two methods used for G1 and G2 evaluated completely 
and conceptually different intervals of failure times. We can form the hypothesis 
that our two measurement methods allowed us to exclude that the physiological 
factors, linked to the will and to the decisional capability of geckos, deeply 
influenced the results of our study. Furthermore, by repeating the experiments 
on different days the negative influence on results due to external factors was 
limited. We performed several trials during the same day and on the next days. 
The obtained results confirm those already obtained and permits us to suppose 
that estimated values for the shape parameter mPMMA and the scale parameter 
t0PMMA are correctly linked to the failure of the gecko’s adhesive system.

Moreover, the greater difficulty noted for the gecko’s adhesion on the glass 
surface could be explained through the observation of the glass profile (Fig.1.4B). 
It is characterized by a higher irregularity compared to the virgin PMMA profile 
(Fig.1.3B). The height of peaks and valleys is of the same order of magnitude 
compared to the virgin PMMA profile height (hGlass = hPMMA ≈ 0.5-1 μm), but the 
lateral width (wGlass ≈ 2-3 μm) is almost one order of magnitude lower than that 
of the virgin PMMA profile (wPMMA ≈ 8-9 μm). This feature suggests a considerable 
closeness of one peak to the next. Thus, considering this superficial conformation, 
we can interpret our results in the following way. At the gecko toe-surface 
interface, the glass surface with thin, marked peaks and valleys cannot forma 
complementary surface to the gecko’s toe. . The gecko’s toe is unable to cling to the 
surface by nanometric contact of each singular lamella, and the gecko’s adhesion 
ability drastically decreases. On the other hand, perhaps thanks to the presence 
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of larger hollows and peaks, the virgin PMMA surface guarantees good adhesion 
despite this unfavorable situation for the two geckos before the moulting process.

The totality of above-mentioned polluting substances trapped at the foot-
surface interface clearly disappears in the days that follow moulting and during 
which we registered an extraordinary increase in the gecko’s adhesive ability.

1.3.2. The Second Set of Experiments

We have also tested machined PMMA2400/800 surfaces. Fig.1.9 presents 
Weibull statistics applied to the results of one set of gecko G1 on PMMA2400 and 
two sets of gecko G2 on both PMMA2400 and PMMA800. Table 2.4 summarizes 
the values of the Weibull modulus m (shape parameter) and the scale parameter 
t0 for each set on PMMA2400 (mPMMA2400 and t0-PMMA2400) and PMMA800 surfaces 
(mPMMA800 and t0-PMMA800). On PMMA2400, the Weibull moduli for G1 and G2 are 
very similar the same and correspond to mPMMA2400-G1 ≈ mPMMA2400-G2 ≈ 1.2 with a 
statistical correlation R2 = 0.95. For gecko G1, the scale parameter is t0-PMMA2400-G1 

≈ 1618 s (corresponding to almost 27 minutes); the scale parameter for gecko 
G2 is t0-PMMA2400-G2 ≈ 886 s (approximately corresponding to 15 minutes). On 
PMMA800, the identified Weibull modulus is mPMMA800-G2 = 1.1 and the correlation 
is R2 = 0.83. The scale parameter of gecko G2 is t0-PMMA800-G2 ≈ 108 s (corresponding 
approximately to 1 minute and 48 s).

Figure 1.9 Weibull statistics applied to the data set of G1 on PMMA2400 and to the two data sets 

of G2 on PMMA2400 and PMMA800.
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Table 1.4 Weibull Modulus m (shape parameter) and the scale parameter t0 for each gecko and set on 
PMMA2400 (mPMMA2400 and t0-PMMA2400) and PMMA800 (mPMMA800 and t0-PMMA800).

PMMA2400 PMMA800 

Scale parameter 
mPMMA2400

Shape parameter 
t0PMMA2400 (s)

Scale parameter 
mPMMA800

Shape parameter 
t0PMMA800 (s)

Gecko 
G1 1 set 1.209 1617.7 \ \

Gecko 
G2

1 set 1.166 885.8 \ \

2 set \ \ 1.111 108.4

Average value 1.188 1251.7 1.111 108.4

Considering the analysed virgin and machined PMMA surfaces, we have found 
a value of the Weibull modulus (mPMMA) in the restricted range of 1-1.2, which 
suggests that this value is a characteristic of the PMMA/gecko system. Moreover, 
when comparing PMMA2400 and PMMA800, it is noteworthy that t0-PMMA800 is one 
order of magnitude lower than t0-PMMA2400 and eight times lower than t0PMMA. 

The analysis of our results and the characteristics of the studied surfaces has 
described an inverse relationship between the gecko’s adhesive ability and the 
grade of roughness. Geckos show a weakening of adhesion on PMMA surfaces as 
roughness increases. When roughness is very high, adhesive abilities drastically 
decrease. These observations contradict those reported in an interesting paper 
by Huber (Huber, 2005b). Our hypothesis concerns the 3D complexity of PMMA 
surfaces and the capability of deformation and adaptability of the gecko’s feet. 
For our focus, the Ssk parameter is less significant since it demonstrates a clear 
difference between virgin PMMA surfaces and machined ones but provides 
no further factors to evaluate when distinguishing different machined PMMA 
surfaces (PMMA2400 and PMMA800). Therefore, Ssk does not justify the evident 
decrease in adhesive ability of geckos between PMMA2400 and PMMA800 
measurement tests. In the discussion of our results, the Sdr parameter is shown to 
be more significant. The roughness parameter doubles between PMMA2400 and 
PMMA800. The lamellae and setae on the gecko’s foot can presumably adapt well 
to the interacting substrates, but the lamellae have shown a physiological limit. 
When the PMMA surface is smooth (Sdr < 1 %), the gecko’s setae (represented 
in blue in Fig.1.10) and spatulae can adapt to the surface and permit van der 
Waals forces to act. However, the extraordinary capabilities of nanocontact hairs 
(spatulae) are not exploited at the top. Virgin PMMA shows that the values of the 
Sa and Sq parameters are lower than the spatula contact area, approximated as 
a circle of radius 100-200 nm (Ruibal, 1965; Dai, 2002; Haeshin, 2007; Pugno, 
2007a). In this case, the spatulae cannot follow the roughness of the surface and 
thus cannot penetrate the characteristic valleys of virgin PMMA and adhere to 
the side of each individual one (Fig.1.10A). An increase in the gecko’s adhesive 
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abilities was observed for PMMA2400 with an intermediate Sdr value (Sdr ≈ 15%).
This surface is characterized by a higher superficial complexity compared to 
virgin PMMA and so the real area of contact with the gecko’s foot is greater. The 
gecko’s setae and spatulae have demonstrated adaptability to the PMMA2400 
surface roughness, adhering this time to the top and side of single peaks.  
In this way, the effective number of spatulae-surface nanocontacts increases and 
the gecko’s adhesion increases (Fig.1.10B). Adhesion time drastically decreases 
on a high complexity surface (Sdr ≈ 30 %). We suppose that, in this case, the 
waviness characterizing the superficial roughness (lPMMA800 ≈ 10-12 μm and 
hPMMA800 ≈ 2 μm) is superior compared to the adaptability of the gecko’s lamellae. 
As a consequence we observed a decrease in the number of setae and spatulae 
that interact to form a nanocontact with the surface (Fig.1.10C).

Our interpretation of the results also explains the presence of claws on the 
tip of each gecko toe. The claws are a fundamental additional help for geckos on 
surfaces with high superficial complexity where its lamellae, and thus its sub-
hierarchical micro- and nano- structures (setae and spatulae), are not sufficient 
to guarantee secure adhesion. These surfaces must possess a level of roughness 
that permits claws to cling (presumably Sq of tens or hundreds of μm) and 
perform a secure attachment.

Figure 1.10 Interpretation of experimental results for adhesion tests on various roughness of 

PMMA surfaces. (A) Setae (represented in blue) and sub-hierarchical structures (spatulae) can adapt 

well on virgin PMMA; (B) The adhesion on PMMA2400 is better because of the higher number of 

spatulae-substrate interactions; (C) On PMMA800, only partial contact interactions are achieved.

1.4. Conclusions

In this study, we demonstrate that living geckos display adhesion times that 
can be described by Weibull statistics by performing three-dimensional surface 
topography characterizations and measurements of adhesion times. The Weibull 
shape (i.e., modulus) and scale parameters can be used to quantitatively describe 
the statistics of adhesion times for different geckos (male and female), materials 
(glass and PMMA), and interfaces (virgin and machined PMMA surfaces).
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Chapter 2

The Gecko’s Optimal Adhesion on 
Nanorough Surfaces 

Abstract

In this study, we report experimental observations of adhesion times for 
living Tokay geckos on inverted Poly(methyl meth-acrylate) (PMMA) surfaces. 
Two different geckos (male and female) and three surfaces with different root 
mean square (RMS) roughness (RMS = 42 nm, 618 nm and 931 nm) have been 
considered for a total of 72 observations. The measured data are proven to be 
statistically significant following Weibull statistics with correlation coefficients 
between 0.78 and 0.96. An unexpected result is the observation of the gecko’s 
maximum adhesion on the surface with intermediate roughness of RMS = 618nm 
and waviness comparable to the seta size. 

2.1. Introduction

The Tokay gecko’s (Gekko gecko) ability to “run up and down a tree in any 
way, even with the head downwards” was first observed by Aristotle, almost 
25 centuries ago, in his Historia Animalium. The pioneer study on the gecko’s 
adhesion by Hiller (Hiller, 1968) provided Scanning Electron Microscope (SEM) 
pictures of the setae, showing their hierarchical ultrastructure and high density 
of terminal spatulae. With a very careful experiment on living geckos, his results 
show adhesion dependence on the surface energy of the substrate. The structure 
of the digital setae of lizards has been thoroughly discussed (Ruibal, 1965), but 
only recently the adhesive force of a single gecko foot-hair has been measured 
(Autumn, 2000). Like geckos, other creatures, such as beetles, flies and spiders, 
show comparable adhesive mechanisms and adhesive abilities resulting in an 
extraordinary ability to move on vertical surfaces and ceilings. A comparison 
between the nanostructured feet of a gecko and spider is reported in Fig.2.1. 

Surface roughness strongly influences the animal’s adhesion strength and 
ability. Its role was shown in different measurements on flies and beetles 
walking on surfaces with well-defined roughness (Dai, 2002; Persson, 2003; 
Peressadko, 2004); on the chrysomelid beetle Gastrophysa viridula (Gorb, 
2001a), on the fly Musca domestica (Peressadko, 2004); on the Tokay gecko 
(Huber, 2007). In previous studies (Peressadko, 2004; Gorb, 2001a), a minimum 
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Figure 2.1 Spider and gecko feet showed by SEM (Zeiss EVO 50). The Tokay gecko (Fig.2.1F) 

attachment system is characterized by hierarchical hairy structures, which start with macroscopic 

lamellae (soft ridges ~1 mm in length, Fig.2.1H) and branches into setae (30-130 μm in length 

and 5-10 μm in diameter, Fig.2.1I, 2.1L (Hiller, 1968; Ruibal, 1965; Russell, 1975; Williams, 1982)). 

Each seta consists of 100-1000 substructures called spatulae, the contact tips (0.1-0.2 μm wide 

and 15-20 nm thick, Fig.2.1M (Hiller, 1968; Ruibal, 1965)) responsible for the gecko’s adhesion. 

Terminal claws are located at the top of each singular toe (Fig.2.1G). Van der Waals and capillary 

forces are responsible for the resultant adhesive forces (Autumn, 2002a; Sun, 2005a), whereas the 

claws guarantee an efficient attachment system on surfaces with very large roughness. Similarly, 

an analogous ultrastructure is found in spiders (e.g. Evarcha arcuata (Kesel, 2003)). Thus, in addition 

to the tarsal claws, which are present on the tarsus of all spiders (Fig.2.1C), adhesive hairs can be 

distinguished in many species (Fig.2.1D, 2.1E). Like for insects, these adhesive hairs are specialised 

structures that are not restricted only to one particular area of the leg, but may be found either 

distributed over the entire tarsus - as for lycosid spiders - or concentrated on the pretarsus as a tuft 

(scopula) situated ventral to the claws (Fig.2.1A, 2.1B) - as in the jumping spider Evarcha arcuata 

(Kesel, 2003).
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of the adhesive/frictional force, spanning surface roughness from 0.3 μm to  
3 μm, is reported. Experiments on the reptile Tokay gecko (Huber, 2003) show 
a minimum in the adhesive force of a single spatula at an intermediate root 
mean square (RMS) surface roughness around 100-300 nm and a monotonic 
increase of adhesion times for living geckos by increasing the RMS from 90 to 
3000 nm. There are several observations and models in the literature, starting 
with the pioneer paper by Fuller and Tabor (Fuller, 1975), in which roughness is 
seen to decrease adhesion monotonically. However, there is also experimental 
evidence, starting with the pioneer paper (Briggs, 1977) that suggests that 
roughness need not always reduce adhesion. For example, in the framework 
of a reversible model (Persson, 2001; Persson, 2002), it has been shown that 
for certain ranges of roughness parameters, it is possible for the effective 
surface energy to first increase with roughness amplitude and then eventually 
decrease. Including irreversible processes, due to mechanical instabilities, it 
has been demonstrated (Guduru, 2007) that the pull-out force must increase 
by increasing the surface wave amplitude. Our results suggest that roughness 
alone is not sufficient to describe the three-dimensional topology of a complex 
surface, and additional parameters have to be considered for formulating a 
well-posed problem.

Accordingly, we have machined and characterized three different Poly(methyl 
meth-acrylate) (PMMA) surfaces (PMMA 1, 2, 3; surface energy of ~41 mN/m) 
with a full set of roughness parameters as reported in Table 2.1 (see paragraph 
1.2 for a detailed explanation of the extracted classical roughness parameters 
(Sa, Sq, Sp, Sv, Sz, Ssk, Sdr)).

2.2. Materials and Methods

Two different Tokay geckos, female (G1, weight of ~46 g) and male (G2, weight 
of ~72 g), have been considered. The gecko was placed in its natural position 
on the bottom of a box (50 cm x 50 cm x 50 cm). Then, box was slowly rotated 
until the gecko reached a natural downwards position, at which time the gecko’s 
adhesion time was measured. We excluded any trial in which the gecko walked 
on the inverted surface. The time measurement was stopped when gecko broke 
loose from the inverted surface and fell on the bottom of the box (for G1) or at 
the first detachment movement of the gecko’s foot (for G2). The time between 
one measurement and the next, pertaining to the same set, was only the time 
needed to rotate the box (~14 s) and replace the gecko on the upper inverted 
surface. The experiments were performed at room temperature (~22 °C) and 
humidity (~75 %). The measured adhesion times are summarized in Table 
2.2 and confirmed to be statistically significant by applying Weibull statistics 
(Fig.2.2).
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2.3. Results and Conclusions

We have observed a maximum in the gecko’s adhesion times on PMMA 2, which 
has an intermediate roughness of RMS = 618 nm. An oversimplified explanation 
could be the following. For PMMA 1 (Sq-PMMA1 = 42 nm, Sdr-PMMA1 < 1 % and waviness 
of lPMMA1 ≈ 3-4 μm, hPMMA1 ≈ 0.1 μm), the gecko’s setae (diameter of ~10  μm, 
represented in blue in Fig.2.3, and must not be confused with the terminal nearly 
two-dimensional spatulae) cannot penetrate in the characteristic smaller valleys 
and adhere to the side of each single one (Fig.2.3A); thus the gecko cannot 
optimally adapt to the surface roughness. For PMMA 2 (Sq-PMMA2 = 618 nm, Sdr-

PMMA2 ≈ 15 % and lPMMA2 ≈ 7-8 μm, hPMMA2 ≈ 1 μm), the gecko’s setae are better able 
to adapt to the roughness, adhering this time on the top of and on the side of 
a single asperity. In this way, the effective number of setae in contact with the 
surface increases and, as a direct consequence, the adhesive ability of the gecko 
also increases (Fig.2.3B). On PMMA 3 (Sq-PMMA3 = 931 nm, Sdr-PMMA3 ≈ 30 % and 
lPMMA3 ≈ 10-12 μm, hPMMA3 ≈ 2 μm), the waviness characterizing the roughness 
is larger than the size of the setae. Thus, a decrease in the number of setae in 
contact is expected (Fig.2.3C), and on PMMA 2, an adhesion increment of about 
45 % is observed. According to a previous study (Briggs, 1977), an increment of  
40 %, close to our observation, is expected for an adhesion parameter α equal to 
1/3. Such a parameter was introduced as the key parameter governing adhesion 
(Fuller, 1975):
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=

γβπ
σα E

 (1)

where σ is the standard deviation of the asperity height distribution (assumed 
to be Gaussian), b is the mean radius of curvature of the asperity, γ is the surface 
energy, and E is the Young modulus of the soft solid (the gecko’s foot). Even if 
the value of E for the entire foot cannot be simply defined as a consequence of 
its non-compact structure, considering it to be of the order of 10 MPa (thus much 
smaller than that of the keratin material), with γ ≈ 0.05 N/m (Autumn, 2000), 
σ ≈ Sq, b ≈ l would correspond to values of α close to 0.5. 

The reported maximum adhesion was not observed by Huber (Huber, 2003). It is 
noteworthy that their tested polished surfaces were of five different types, with a 
nominal asperity size of 0.3 μm, 1 μm, 3 μm, 9 μm, and 12 μm, which correspond to 
RMS values of 90 nm, 238 nm, 1157 nm, 2454 nm, and 3060 nm, respectively. The 
sliding of geckos on polishing paper with a RMS value of 90 nm for slopes larger 
than 135° was observed (Huber, 2003). On a rougher substrate, with a RMS value of 
238 nm, two individual geckos were able to cling to the ceiling, but the foot-surface 
contact had to be continuously renewed because geckos’ toes tended to slowly 
slide off the substrate. Finally, on the remaining rougher substrates tested, animals 
were able to adhere stably to the ceiling for more than 5 minutes. 
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These different observations (assuming that the influences of claws and 
moult were also minimized (Huber, 2003)) suggest that the RMS parameter is 
not sufficient alone to describe the aspects of surface roughness (Lepore, 2008; 
Lepore, 2010; Pugno, 2008a; Pugno 2008b). The use of a “complete” set of 
roughness parameters could help in better understanding the animal’s adhesion. 

Table 2.1 Roughness parameters for the three different PMMA (1, 2, 3) surfaces.

   PMMA1 PMMA2 PMMA3

Sa (µm) 0.033 ± 0.0034 0.481 ± 0.0216 0.731 ± 0.0365

Sq (µm) 0.042 ± 0.0038 0.618 ± 0.0180 0.934 ± 0.0382

Sp (µm) 0.252 ± 0.0562 2.993 ± 0.1845 4.620 ± 0.8550

Sv (µm) 0.277 ± 0.1055 2.837 ± 0.5105 3.753 ± 0.5445

Ssk -0.122 ± 0.1103 0.171 ± 0.1217 0.192 ± 0.1511

Sz (µm) 0.432 ± 0.1082 4.847 ± 0.2223 6.977 ± 0.2294

Sdr (%) 0.490 ± 0.0214 15.100 ± 1.6093 28.367 ± 2.2546

Figure 2.2 Weibull statistics (F is the cumulative probability of detachment/failure and ti is the 

measured adhesion time) applied to the measured adhesion times on PMMA surfaces. PMMA 1 (red 

lines, for which we made 4 sets of measurements on four different days with gecko G1), PMMA 2 

(dotted lines, for which we made 2 sets of measurements on two different days, one with gecko 

G1 (red) and one with gecko G2 (blue)), and PMMA 3 (blue double-line, for which we made the 

measurements in a single day with gecko G2). 
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Table 2.2 The gecko’s adhesion times on PMMA 1, 2, 3 surfaces. Note that, as an index of the gecko’s 
adhesive ability, we use the Weibull scale parameter t0 (in seconds) for the distribution of the 
detachment/failure F (closely related to its mean value).

Test No. PMMA 1 PMMA 2 PMMA 3

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

8
13
36
37
48
62
67
87
88
93

116
134
145
160
197
212
215
221
228
292
323
369
474
550
568
642
660
700
707
936

1268
1412
1648
1699
2123
2703
2899

137
215
243
280
498
610
699
900
945

1194
1239
1320
2275
2740
4800

15
22
22
25
27
29
32
35
48
51
53
91
97

102
109
114
148
207
424
645

Scale Parameter t0 (s) 800 1251.7 108.4

Sq (μm) 0.042 ± 0.0038 0.618 ± 0.0180 0.934 ± 0.0382
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Figure 2.3 A simple interpretation of our experimental results on the adhesion tests for living geckos 

on PMMA surfaces with different roughness. (A) Setae cannot adapt well on PMMA 1; (B) On PMMA 2, 

the adhesion is enhanced because of the higher compatibility in size between setae and roughness; 

(C) On PMMA 3 only partial contact is achieved. On the right, we report the analysed three-

dimensional roughness profiles for all three investigated surfaces (from the top: PMMA 1, 2 and 3).
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Chapter 3

Normal Adhesive Force-Displacement 
Curves of Living Tokay Geckos

Abstract

In this study, we report experimental measurements for the normal adhesive 
force versus body displacement for living tokay geckos (Gekko gecko) adhering 
to Poly(methyl meth-acrylate) (PMMA) and glass surfaces. We have measured 
the normal force needed to reach the gecko’s detachment. Atomic force and 
scanning electron microscopy are used to characterize surface and foot 
topologies. The measured safety factors (maximum adhesive force divided by 
the body weight) are 10.23 on PMMA surfaces and 9.13 on glass surfaces. We 
have observed minor but reversible damage to the gecko feet caused by our 
tests, as well as self-renewal of adhesive abilities after moulting.

3.1. Introduction

The ability of a gecko to remain stuck motionless to a vertical surface or even to a 
ceiling seems to defy gravity. In the 4th century B.C., geckos were been observed 
to “run up and down a tree in any way, even with their head downwards” by 
Aristotle (Aristotle, 343). Scientific researchers have focused their attention 
on the gecko’s adhesive foot architecture, adhesive abilities, and related 
mechanisms (Irschick, 1996; Cartier, 1872; Haase, 1900; Gadow, 1902; Weitlaner, 
1902; Schmidt, 1904; Hora, 1923; Dellit, 1934; Mahendra, 1941; Maderson, 
1964; Ruibal, 1965; Hiller, 1968; Hiller, 1969; Gennaro, 1969; Williams, 1982; 
Stork, 1980; Liang, 2000; Autumn, 2000; Autumn, 2002c). Scanning electron 
microscopy (SEM) has created new opportunities to observe under the length-
scale limitations imposed by the wavelength of visible light and to study the 
sub-micrometric hierarchical architecture of gecko toes. 

The Tokay gecko (Gekko gecko) is the second largest Gekkonid lizard species 
(1050 species in the world), attaining lengths of 0.3-0.4 m and 0.2-0.3 m for 
males and females, respectively. The weight of an adult gecko ranges from ~30 
to ~300 g (Tinkle, 1992). A previously study on Tokay geckos (Irschick, 1996) 
reveals a strong shear adhesive force of ~20 N when placed with front feet 
contacting a nearly vertical (85°) acetate sheet attached to a stiff PMMA plate. 
Consequently, assuming the gecko’s weight is ~100 g, a shear safety factor 
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(sSF) can be estimated to be approximately 40. This sSF is comparable with that 
of the Hemisphaerota cyanea beetle (sSF ~ 60; measured for a force applied 
perpendicularly to a vertical attachment surface generated either electronically 
or by hanging weights (Eisner, 2000)); of the Chrysolina Polita leaf beetle (sSF ~ 
50; attached to a force transducer (Stork, 1980)); lower than that of the jumping 
spider Evarcha arcuata (sSF ~ 160; theoretically extracted via atomic force 
microscopy (AFM) analysis (Kesel, 2003)) and of Crematogaster cocktail ants 
(sSF~146; measured using a centrifuge technique (Federle, 2000)). Thus, not only 
for insects and spiders (Irschick, 1996; Stork, 1980; Eisner, 2000; Kesel, 2003; 
Federle, 2000; Walker, 1993), but also for geckos, several studies have been 
performed with the aim of quantifying the maximum adhesive force by direct 
in vivo (Irschick, 1996; Autumn, 2000; Pugno, 2007a; Autumn, 2002b; Autumn, 
2002c; Huber, 2005a; Huber, 2005b; Huber, 2007; Autumn, 2006b; Autumn, 
2006c) or in vitro measurements (Autumn, 2000; Pugno, 2007a; Autumn, 2002b; 
Autumn, 2002c; Huber, 2005b; Huber, 2007). 

In this study, we report measurements of the normal adhesive force versus 
body displacement of living Tokay geckos up to surface detachment. We are 
also interested in comparing the effects of surface roughness on the gecko’s 
maximum normal safety factor. The influence of damage to the gecko’s feet 
caused by our experiment, on adhesive ability is also discussed. The surface 
topography of PMMA and glass was analysed by AFM, and SEM was employed to 
characterize the hierarchical architecture of the gecko’s feet. 

3.2. Materials and Methods

3.2.1. Gecko’s Feet Architecture

Considering Figs.3.1-3.3, investigation of the hierarchical structure of the 
gecko’s toes were performed using SEM (Zeiss EVO 50) equipped with a 
lanthanum hexaboride cathode and FESEM (Zeiss SUPRA 40) equipped 
with a field emission tungsten cathode. For SEM analysis, three frozen and 
formaldehyde-fixed toe samples retrieved from two geckos that had died 
naturally were unfrozen at room temperature, 5h-dehydrated with ethanol 
incermenetally increasing every hour (10 %, 30 %, 50 %, 70 %, 100 %). 
Samples were fixed to aluminium stubs with double-sided adhesive carbon 
conductive tape (Agar Scientific), 30-min air-dried and gold-coated (approx. 
40 nm) in a SCD 050 sputter coater (BalTec). For FESEM analysis, sample 
preparation with the same method, but the samples were chrome-coated 
(approx. 20 nm).
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Figure 3.1 The Tokay gecko’s adhesive system was observed by FESEM (Zeiss SUPRA 40) (A, B) and by 

SEM (Zeiss EVO 50) (C, D). (A) Toe and FESEM micrograph of the setae (B). SEM micrograph of the setae 

(C) A nanoscale array of hundreds of spatulae (D).

Figure 3.2 The Tokay gecko’s adhesive system was observed by FESEM (Zeiss SUPRA 40). (A) The 

Tokay gecko’s toe. (B, C) The connection area between adjacent lamellae, localized perpendicular to 

the longitudinal axis of each digit, is covered by nanostructured hairy units; (D) at high magnification.
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Figure 3.3 The Tokay gecko’s adhesive system was observed by FESEM (Zeiss SUPRA 40). (A) The 

Tokay gecko’s toe. (B, C) The edge of the gecko’s toe is covered by nanostructured hairy units; (D) at 

high magnification.

3.2.2. PMMA and Glass Surface Characterization

The surface roughness of PMMA and glass was nanocharacterized by AFM 
Perception (Assing, Rome, Italy) using the contact mode with a silicon nitride tip. 
A surface area of 10 μm × 10 μm for each material was evaluated with a final 
resolution of 200 points/profile. 

3.2.3.  The Gecko’s 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 a terrarium at ~28 °C. The temperature 
of the experimental room in which the force-displacement measurements were 
performed, was ~22 °C. The gecko was fed moths and water ad libitum and crickets 
once per week. The animal did not show any particular discomfort being manipulated, 
segregated in the test box, and bound with adherent elastic cloth bandaging.

Force-displacement measurements were conducted as follows. The gecko was 
prepared and placed in a PMMA-Glass (Vetronova, Varese, Italy) box 10 minutes 
before each set of tests. The gecko was removed from its terrarium and fixed to 
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adherent cloth bandaging; a metallic hook was inserted within the bandage on 
the gecko’s back. The gecko was then connected, by means of a plastic wire tied to 
the metallic hook, to the measurement platform and placed gently on the bottom 
of the measurement box (Fig.3.4). The force-displacement measurement platform 
was built outside the box (Fig.3.5). We applied force using an incrementally 
increasing mass (16, 48, 98, 148, 198, 273, 348, 423, 498, 573, 648, and 723 g). 
The displacements from the point of applied force on the gecko’s body were 
recorded during the test. The measured displacement corresponds to the 
stretching of the front and rear legs of gecko without slipping of its feet.

Figure 3.4 The experimental Tokay gecko with adherent elastic cloth bandaging and metallic 
connection hook on the measurement platform.

Figure 3.5 Force-displacement measurement platform.
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The increase of hanging weight was conducted as follows. After the initial 
application of 16 g, we waited 10 seconds to record a stabilized value of the gecko’s 
displacement on a millimetric scale. We continued similarly with the next applied 
weights up to 198 g. For larger weights, we allowed a relaxing time of about 15 s 
after each application to avoid muscular fatigue. When detachment occurred, the 
gecko was pulled upwards but immediately reached a secure point, approximately 
42 cm from the top of the box, then was slowly taken back to the bottom. Each 
force-displacement curve was obtained in ~3 minutes. During a single test, the only 
allowed action was the renewal of foot contact and hyperextension (Irschick, 1996). 

We have accordingly measured normal adhesive force-displacement curves 
for a gecko adhering to the interior surface of a box (50 cm x 50 cm x 50 cm). One 
wall of the box was glass and the other walls were PMMA. We performed fiftheen 
tests on PMMA and three tests on glass after the first moult process and three 
tests on PMMA and four tests on glass after the next moult.

The first test-day, 50 days following the first moult, we performed only one 
force-displacement curve on both PMMA and glass (blue line, Figs.3.6 and 3.7, 
respectively). The second day of tests was 62 days after the first moult, during 

Figure 3.6 Normal adhesive force-displacement curves on PMMA surfaces after the first and 

second moults. Snapshots show five specific instants of the gecko’s displacement at 0, 148, 273, 

423, and 723 g of hanging weight (W is the applied weight, WG is the gecko’s weight, δ is the gecko’s 

displacement, and δMAX is the gecko’s maximum displacement).
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Figure 3.7 Normal adhesive force-displacement curves on glass after the first and second moults. 

Snapshots show five specific instants of the gecko’s displacement at 0, 148, 348, 423, and 648 g of 

hung weight (W is the applied weight, WG is the gecko’s weight, δ is the gecko’s displacement, and δMAX 

is the gecko’s maximum displacement).

which we performed four tests on PMMA (cyan line, Fig.3.6) and two tests on 
glass (cyan line, Fig.3.7). The third testing day was the next day during which we 
performed ten tests on PMMA (green line, Fig.3.6). 7 days after the second moult, 
experiments were conducted in only one day, due to the damage imposed by the 
first day of tests on the gecko’s feet. Four tests (red line, Fig.3.7) were performed 
on glass followed by three force-displacement curves on PMMA (red line, Fig.3.6).

3.3. Results

3.3.1. The Gecko’s Feet Architecture

The Tokay gecko foot consists of five digits (Fig.3.1A) covered with 
macroscopic hairy structures called lamellae (~0.5-3 mm in width and 
200-500 μm in length, Fig.3.1B). These lamellae are organized in a series of 
multi-arrays localized perpendicular to the longitudinal axis of each digit; 
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the lamellae are separated one from another. Nanostructured hairy units  
(~2-5 μm in length and ~200 nm in diameter; Figs.3.1C, 3.1D) have been 
identified on connection areas between adjacent lamellae (Fig.3.1C) and on 
the edge of each single digit (Figs.3.2B, 3.2C, 3.2D). Each lamella is covered 
with several thousand setae (10-130 μm in length and 3-10 μm in diameter, 
with a density of ~0.014 setae/μm2 (Ruibal, 1965; Schleich, 1986), Figs.3.1B, 
3.1C), each of which contain at their tips hierarchical substructures called 
spatulae (0.1-0.2 μm wide and 15-20 nm thick, Fig.3.3D). Terminal claws are 
located at the top of each single toe (~500 μm in diameter and ~1 mm in 
length, Fig.3.1A) 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 (Lepore, 2008; Pugno, 2008a; Pugno, 2008b; Pugno, 
2008c; Varenberg, 2010; Lepore, 2010). 

3.3.2. PMMA and Glass Surface Characterization

Table 3.1 summarizes roughness parameters of the studied PMMA and glass 
surfaces. The PMMA (Fig.3.8) and glass (Fig.3.9) surfaces have different roughness, 
and isolated bubbles of diameter ~1 μm are visible on the glass surface.

Table 3.1 Roughness parameters of the studied PMMA and glass surfaces.

   PMMA  Glass

Ra (nm) 3.81 ± 0.085 0.80 ± 0.214

Rq (nm) 5.88 ± 0.778 1.41 ± 0.796

Rv (nm) 52.74 ± 14.938 16.88 ± 13.895

Rp (nm) 90.06 ± 28.736 21.61 ± 16.943

Ssk 1.41 ± 0.997 0.79 ± 0.461

Sdr (%) 0.60 ± 0.046 0.02 ± 0.007

3.3.3.  The Gecko’s Normal Adhesive Force versus 
Displacement curves

During the first test day, a maximum SF for the PMMA surface lPMMA(I)-1Day = 10.23 
was observed. To compute this value, we consider the animal’s weight (64 g) and 
the final hung weight of 723 g (Fig.3.6, snapshot 5). In the second test-day, the 
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gecko reached an average SF reduced by 60% (lPMMA(I)-2Day ≈ 4.1) in comparison 
with the maximum value. Finally, a minimum value for the SF equal to lPMMA(I)-3Day 
≈ 2.1 was observed during the third test day. Analogously, on the glass surface, 
the final hung weight of 498 g and the gecko’s same weight correspond to a 
maximum SF lGlass(I)-1Day ≈ 6.8 in the first test day. In the second test day, it was 
reduced to less than 1 (lGlass(I)-2Day ≈ 0.5). In the first test day after the second 
moult, the final maximum hung weight of 648 g and the gecko’s same weight 
correspond to a maximum SF lGlass(II)-1Day = 9.13 (Fig.3.7, snapshot 5). After four 
tests on the glass surface, three tests were performed on the PMMA surface, 
reaching an SF that gradually decreased starting from lPMMA(II)-1Day ≈ 5.6 to the 
final minimum lPMMA(II)-1Day ≈ 0.5. In summary, the final maximum SF is found to be 

Figure 3.8 AFM characterization of the PMMA surface.

Figure 3.9 AFM characterization of the glass surface. 
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lPMMA = lPMMA(I)-1Day = 10.23 on the PMMA surface and lGlass = lGlass(II)-1Day = 9.13 on 
the glass surface.

3.4. Discussion

Figs.3.6 and 3.7 report the measured force-displacement curves and 
five snapshots of the gecko’s specific configurations on PMMA and glass, 
respectively. The obtained force-displacement curves are condensed to show 
overall trends. In the first test day after the first moult, the gecko’s maximum 
SF for the PMMA surface was observed, whereas in the first test day after the 
second moult, the maximum SF for the glass surface was observed. The SF of 
~10 that we measured for Tokay geckos is consistent with previously reported 
observations. In particular, a previous study (Irschick, 1996) measured the 
shear adhesive force by placing geckos with front feet contacting a nearly 
vertical acetate sheet (85°) and then slowly pulling in a downward direction. 
Our experimental set instead permitts us to evaluate the normal force required 
to detach the Tokay gecko from a horizontal surface (PMMA and glass). Thus, 
the maximum shear force can be estimated to be ~40 N for the living Tokay 
gecko (Irschick, 1996) for maximum normal adhesive force of 7.1 N on PMMA 
and 6.4 N on glass. 

Considering a setae density of 14.000 setae/mm2 (Autumn, 2002b; Huber, 
2005b; Schleich, 1986) and the gecko’s total pad area of 450 mm2, a shear 
adhesive force of ~40 N (Irschick, 1996) and a normal adhesive force of ~6.7 N,
imply for a single seta a shear adhesive force of 6.2 μN (Autumn, 2002a) 
and a normal adhesive force of 1.1 μN. These top-down computations are 
underestimated due to the unavoidable presence of defects at the macroscale 
of the pads. Indeed, the maximum shear adhesive force for a single seta was 
directly measured as ~200 μN (Autumn, 2000; Autumn, 2002a; Autumn, 2006c), 
leading to a theoretical shear adhesive force for the gecko of 1250 N (Autumn, 
2002a); similarly, the maximum normal adhesive force for a single seta is ~40 μN 
(Autumn, 2002b; Autumn, 2006c), leading to a theoretical normal adhesive force 
for the gecko of 250 N (Autumn, 2002a). At the size of the spatulae, a normal 
adhesive force of ~10 nN has been determined (Huber, 2005a; Huber, 2007; 
Huber, 2005b), leading to a final adhesive force for the gecko of 65 N (if we 
assume that the gecko has 6.5 billion spatulae (Irschick, 1996; Autumn, 2002a, 
Schleich, 1986)). 

From the results at different characteristic sizes, we can conclude 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 normal adhesive force; thus ‘smaller is 
stronger’ (Buehler, 2006; Keten, 2010a). Similarly, at the nanoscale (spatulae), 
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the normal adhesive strength is nearly 10 times that at the macro-scale (Gorb, 
2001b). As a consequence of the presence of defects (Pugno, 2007a; Autumn, 
2006b) at the level of the entire body, a normal safety factor of ~10 is expected 
for secure attachment and easy detachment, as we have measured.

In summary, the shear adhesive force is equal to ~200 μN (Autumn, 2000; 
Autumn, 2002a; Autumn, 2006b) for a single seta and ~40 N (Irschick, 1996) 
for the whole gecko, whereas the normal adhesive force is equal to ~10 nN 
(Huber, 2005a; Huber, 2007; Huber , 2005b) for a single spatula, ~40 μN 
(Autumn, 2002b; Autumn, 2006b) for a single seta, and the shear adhesive 
force determined in this study ~7.1 (~6.4) N on PMMA (glass) for the whole 
gecko. Thus, our measurement of the normal adhesive force for the whole 
gecko contributes to the characterization of the functionality of the 
hierarchical adhesive system for the Tokay gecko (Buehler, 2010) and confirms 
the ratio of 5:1 between the shear and normal adhesive forces for the whole 
animal observed by Autumn (Autumn, 2006c) for a different climbing gecko 
(Hemidactylus garnotii, ~2 g of body mass). Interestingly, for Tokay gecko, a 
ratio of 5:1 for the shear to normal adhesive forces is verified both at macro 
and micro scales.

In addition, we observe the self-renewal of the gecko’s adhesive system after 
moulting and a negative effect from the previously executed experimental tests 
which lead to a reduction of the maximum adhesive force.

3.4.1. Feet Damage

During the first test day after the second moult, we observed evident foot damage. 
As mentioned above, the four tests performed on the glass surface followed 
by the three tests on the PMMA surface indicate that the gecko’s attachment 
drastically decreases from one test to the next. In particular, a decrement of the 
SF on the PMMA surface corresponding to 40% from the first to the second test 
and to ~85 % from the second to the third test was observed. After these three 
tests, the gecko could no longer stay attached with its hind feet. Fig.3.10 shows 
the negative effects of the seven consecutive tests photographed one day after 
the first test day subsequent to the second moult. A diffused inflammation of the 
gecko toes and the presence of a small thin wound located on the gecko’s skin 
between one toe and the next were observed. 

Regarding self-renewal of the gecko’s adhesive system and abilities after 
moulting, an increase of the gecko’s SF was measured from lGlass(I)-2Day ≈ 0.5 
before the second moult to lGlass(II)-1Day = 9.13 after the second moult. The SF 
increase is also appreciable on the PMMA surface: an SF lPMMA(I)-3Day ≈ 2.1 was 
measured before the second moult and increased to lPMMA(II)-1Day ≈ 5.6 after the 
second moult.



An Experimental Study on Adhesive or Anti-adhesive, Bio-inspired Experimental 
Nanomaterials

6 2 Chapter 3

Figure 3.10 Damage imposed by the adhesive tests: (A) Diffused inflammation of gecko toes; (B) 

The gecko’s healthy foot, for comparison; (C) Small, thin wound located on the gecko’s skin between 

one toe and the next.

3.5. Conclusions

We have measured normal adhesive force-displacement curves for a live 
gecko. The gecko’s maximum SF was determined to be lPMMA = 10.23 on PMMA 
surface, which shows higher roughness and index Sdr (25 times greater than 
that of glass), and lGlass = 9.13 on the glass surface. We observe a clear trend 
for adhesive ability after moulting: normal adhesive forces drastically decrease 
in each subsequent test as a consequence of the damage to the gecko’s feet 
caused by previous experimental tests. Finally, we document the self-renewal of 
the gecko’s adhesive system and abilities after moulting. The analysis reported 
here could also inform the design of bio-inspired smart adhesive materials.
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Chapter 4

Optimal Angles for Maximal Adhesion 
in Living Tokay Geckos

Abstract

In this study, we report experimental measurements of the adhesion angles of 
living Tokay geckos (Gekko gecko) at two different characteristic sizes of the feet 
and toes. In particular, we have determined the adhesion angles between the 
opposing front and rear feet and between the first and fifth toe of each foot on 
various inverted surfaces (steel, aluminium, copper, Poly(methyl meth-acrylate) 
and glass). We explain the experimental results with the recently derived 
multiple peeling theory, and find an interesting agreement with previously 
reported observations on the architecture of the gecko adhesive system, even 
when considering the size scale of single seta, which suggests the validity of this 
approach at different hierarchical levels. 

4.1. Introduction

Geckos and lizards usually climb in complex three-dimensional habitats, which 
necessitates the development of such sophisticated dry adhesive systems on 
their pads. During the last century, many secrets of the gecko’s adhesion have 
been explained (Wagler, 1830; Simmermacher, 1884; Schmidt, 1904; Dellit, 
1934; Ruibal, 1965; Hiller, 1968; Gennaro, 1969; Russell, 1975; Russell, 1986; 
Schleich, 1986; Irschick, 1996; Autumn, 2000; Gorb, 2001a; Autumn, 2002a; 
Autumn, 2002b; Arzt, 2003; Bergmann, 2005; Huber, 2005b; Gao, 2005; Hansen, 
2005; Autumn, 2006b; Huber, 2007; Pugno, 2007a; Lepore, 2008; Pugno, 
2008a; Pugno, 2008b; Lepore, 2010; Russell, 2002; Autumn, 2006b; Autumn, 
2006c), although some crucial questions still remain unsolved (Autumn, 2002a; 
Gao, 2005; Autumn, 2006b; Gravish, 2008; Jusufi, 2008; Irschick, 2003; Tian, 
2006). Such questions include: function, molecular mechanism, morphological 
characteristics of the nano-hierarchical structures, mechanism of frictional 
adhesion, tail function during climbing or aerial descent, and interactive effects 
of size and loading on kinematics. The millisecond-controllable attachment/
detachment mechanism in geckos with negligible force has assumed a huge 
importance from a technological point of view, e.g. fabrication of dry adhesives, 
robotic systems, and artificial adhesive suits and gloves for astronauts (Autumn, 
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2006b; Pugno, 2007a; Autumn, 2006c; Lee, 2008a; Santos, 2007; Aksak, 2007; 
Murphy, 2007; Yao, 2008; Schubert, 2008; Shah, 2004). The uniqueness of the 
gecko’s adhesive system, facilitated by repeatable strong feet contacts combined 
with temporary and reversible weak bonds, is based on intermolecular van der 
Waals forces (Autumn, 2002a; Autumn, 2006c; Irschick, 2003; Pugno, 2011; Zaaf, 
2001; Russell, 2009; Haase, 1900). In order to maintain the necessary shear/
frictional adhesive forces to avoid toe detachment (Autumn, 2000), the gecko’s 
adhesive mechanism is based on the use of opposing feet and toes to form a 
V-shaped geometry. Attachment is achieved only proximally along the toe axis 
of the gecko, which pulls its feet inwards towards the center of mass (COM) and 
its toes inwards towards the foot to engage adhesion (Autumn, 2002a; Autumn, 
2006b; Autumn, 2006c; Gravish, 2008; Tian, 2006; Haase, 1900; Pesika, 2007), 
as schematically reported in Fig.4.1A.

Figure 4.1 (A) A schematic 3D representation of the measured angle between the opposing front 
and rear feet (bF) and between the first and fifth toe (bT) of each foot on inverted surfaces (inset 

adapted from Y. Tian, N. Pesika, H. Zeng, K. Rosenberg, B. Zhao, P. M., K. Autumn, and J. Israelachvili, 
Adhesion and friction in gecko toe attachment and detachment, 19320-19325, PNAS, December 19, 

2006, vol. 103, no. 51; Copyright (2006) National Academy of Sciences, U.S.A.). The Tokay gecko 
adhesive system observed using FESEM (Zeiss SUPRA 40) (B, C, D) and by SEM (Zeiss EVO 50) (E). 

The gecko’s toe (B), FESEM micrograph of setae arrays (C), SEM micrograph of several setae (D) and 
nanoscale array of hundreds of spatula tips (E).
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The key factor that governs the gecko’s attachment/detachment is the 
adhesion angle α, which is formed between the terminal structure attached 
to the surface and the surface itself. Several studies have been performed 
to establish the value of the angle α from an experimental (Autumn, 2000; 
Autumn, 2006b; Gravish, 2008; Jusufi, 2008 Lepore, 2012c), computational 
(Autumn, 2002a; Gao, 2005; Gravish, 2008; Shah, 2004; Kim, 2007) or 
theoretical (Gao, 2005; Autumn, 2006b; Tian, 2006; Shah, 2004; Pesika, 2007; 
Pugno, 2011; Autumn, 2006c; Autumn, 2006a; Sitti, 2003; Spolenak, 2005; 
Yao, 2006; Pugno, 2008c; Varenberg, 2010; Buehler, 2006; Sen, 2010; Buehler, 
2010) point of view and at different characteristic levels of the hierarchical 
adhesive system. From the literature, the angle α of Tokay geckos (Gekko gecko) 
is equal to ~25.5° for a single toe, ~24.6° (or ~30°) for isolated setae arrays, 
and ~30.0° (or ~31°) for a single seta (Autumn, 2006b) (or (Gravish, 2008)). 

In this study, we experimentally evaluate the adhesion angles of living Tokay 
geckos at two different hierarchical characteristic sizes of the feet and toes. We 
measured the angles between the opposing front and rear feet and between 
the first and fifth toe of each foot on five different surfaces (steel, aluminium, 
copper, Poly(methyl meth-acrylate), i.e. PMMA, and glass). We compare the results 
with the recently published theory of multiple peeling (Pugno, 2011) and other 
previously published experimental results, yielding interesting findings. The 
results could be useful for the industrial fabrication of dry adhesives, robotic 
systems, artificial adhesive suits and gloves for astronauts, and the designi of 
bio-inspired smart adhesive nanomaterials.

4.2. Materials and Methods

We studied a single male adult Tokay gecko maintained in a terrarium at ~28 °C. 
The gecko was provided food (moths and crickets with a calcium supplement) 
and water ad libitum. The animal and the experimental procedures were 
authorized by the Ministerial Decree n° 73/2010-B.

The animal was placed in a natural position on the bottom of a box (50 cm x 
50 cm x 50 cm). Each surface of the box was made of a different material (steel, 
aluminium, copper, PMMA, and glass) (Vetronova, Varese, Italy).

The box was slowly rotated until the gecko reached a downwards position 
under only its own weight (~88 g). At this time, we recorded the adhesion angle 
between the opposing front and rear feet (bF) and between the first and fifth 
toe (bT) of each foot on the inverted box surface. The legs are named as follows: 
front right (FR), front left (FL), rear right (RR), and rear left (RL). Experiments 
were performed at room (experimental box) temperature of ~21 °C (~25 °C)
and humidity of ~50 % (~30 %). Figs.4.2 and 4.3 demonstrate how the 
adhesion angles between the opposing front and rear foot (Fig.4.2), on the 
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Figure 4.2 The measured angle bF between the opposing front and rear feet on different surfaces.

A

(steel, aluminium, copper, PMMA, and glass).

B

Figure 4.3 The measured angle bT  between the first and fifth toe: on the aluminium surface for all 

legs (A), or for the FR leg on different surfaces (steel, aluminium, copper, PMMA, and glass). 
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same substratum (Fig.4.3A), or of the same leg (Fig.4.3B) were measured. The 
angle bT was determined between the first and fifth toe by taking the foot-
forearm joint as the vertex of the resulting triangle. Similarly, the angle bF  was 
determined between the opposing front and rear feet by using the center of 
the gecko’s mass (COM) as the vertex of the resulting triangle as defined in 
(Autumn, 2006e). The resulting angle α was computed as α=(180°-b)/2.

4.3. Results 

The experimental measurements of the adhesion angles are summarized in 
Table 4.1. 

Table 4.1 Experimental values (and the number N of measurements) for the adhesion angles αF (A) and 
αt (B) on different surfaces. 

A

αF (°) FR-RL FL-RR MEAN ± s.d. lF

Steel 28 ± 4.7 (N=21) 29 ± 4.6 (N=39) 29 ± 0.6 0.013

Aluminium 31 ± 4.5 (N=33) 31 ± 4.2 (N=57) 31 ± 0.3 0.018

Copper 31 ± 8.0 (N=25) 33 ± 3.8 (N=37) 32 ± 0.8 0.023

PMMA 22 ± 4.5 (N=19) 26 ± 6.9 (N=33) 24 ± 2.8 0.007

Glass 28 ± 3.7 (N=22) 31 ± 3.8 (N=28) 30 ± 1.6 0.016

MEAN ± s.d. 28 ± 3.7 30 ± 2.4

B

αT(°) FR FL RR RL MEAN ± 
s.d. lT

Steel 28 ± 2.9 
(N=24)

31 ± 4.3 
(N=22)

31 ± 4.8 
(N=44)

28 ± 4.4 
(N=40) 30 ± 1.7 0.016

Aluminium 28 ± 3.9 
(N=39)

30 ± 4.1 
(N=50)

29 ± 4.3 
(N=14)

28 ± 4.8 
(N=28) 29 ± 0.8 0.013

Copper 24 ± 3.4 
(N=30)

32 ± 6.1 
(N=35)

28 ± 4.5 
(N=43)

29 ± 4.7 
(N=45) 28 ± 3.4 0.013

PMMA 21 ± 2.4 
(N=24)

23 ± 2.7 
(N=23)

21 ± 3.5 
(N=27)

19 ± 2.0 
(N=27) 21 ± 1.8 0.003

Glass 27 ± 3.7 
(N=56)

32 ± 2.5 
(N=37)

30 ± 3.3 
(N=33)

27 ± 5.7 
(N=18) 29 ± 2.5 0.015

MEAN ± s.d. 26 ± 3.0 29 ± 3.8 28 ± 4.3 26 ± 4.3  
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It is clear that the FR leg value of αT is lower than that of the FL leg for each 
surface and, similarly, the RL leg shows a lower value of αT  than the RR leg with 
the exception of the value on the copper surface. Moreover, the opposing FR 
and RL legs show the smallest values of αT  compared with the FL and RR legs. 
The determined values of αF and αT  in Tokay geckos are in agreement with 
previous results reported by Autumn (Autumn, 2006e), which indicate the range 
of 25°-30° for α for toes, isolated setae arrays, or a single seta. This suggests a 
maximum in the gecko’s attachment force when α reaches values around 30° 
(Santos, 2007; Shah, 2004).

4.4. Discussion

A good correlation was found between the experimental results and the theory 
of multiple peeling (Pugno, 2011), according to which the dimensionless 
detachment force of a V-shaped system is: 
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where γ is the surface energy, t is the tape thickness, and E is the Young 
modulus. Thus, when Eqn. 1 is applied to our data (with the mean values of 
αF and αT for each surface), we determine the dimensionless adhesion strength 
l for the five surfaces at each hierarchical level (of foot and toe), graphically 
shown in Fig.4.4 and reported in the right column of Table 4.1. Note that lT is 
smaller than lF  (except for the steel surface). Thus, as suggested by the multiple 
peeling theory, the smaller the parameter l (lT < lF), the smaller the optimal 
adhesion angle (αT < αF), which corresponds to the peak value of the function ƒ 
shown in Fig.4.4. 

Following (Yao, 2006), we expect at each hierarchical level n  the validity of 
the following equation:
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where ad
nn W is the work of adhesion, f1nn / EE =−φ  is the elastic 

modulus of a fiber, fν  is the Poisson’s ratio of a fiber,  nn1nth ES    is 
the effective adhesion strength, and C
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− = ϕφ , where iϕ  is the area fraction.
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Thus, according to Eq. 3, Eq. 2 can be rewritten for each hierarchical level n  as: 

   1nn −=φλ ,    (4)
which suggests an inverse dependence of the parameter l on the number n 

of hierarchical levels, so the parameter l decreases as n increases.
We define the Young modulus ET=EF= 1 GPa and the hierarchical level n and 

the thickness t of feet (nF= 4 (four feet per gecko), tF= 10 mm) and toes (nT= 5 (five 
toes per each foot), tT= 4 mm). Thus, using the work of adhesion γ of a previous 
study (Yao, 2006) (varying in the range of 103-106 J/m2), we find a theoretical 
range of l (10-4 ÷ 10-1) which confirms the previously computed values of the 
parameter l (10-2 ÷ 10-1) (Yao, 2006) and the experimental range of l (10-3 ÷ 10-2) 
determined here.

A further consideration concerns the critical angle αc, which corresponds 
to the inclination of the force vector (FTOT in Fig.4.1) just before the gecko’s 
detachment as follows:

  αα ≤







=

s

n
c F

Farctg     (5)

where Fn and Fs are the normal and shear adhesive forces, respectively.

Figure 4.4 From the multiple peeling theory (Sitti, 2003), the dimensionless force ƒ versus adhesion 

angle α using experimental mean values for αF and αT (fitting parameters l reported in Table 4.1).
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The experimental value of the critical angle αc is ~11.3° for the Hemidactylus 
garnotii gecko (calculated with Fn= 0.006 N and Fs = 0.03 N (Autumn, 2006b)). 
For Tokay geckos, the critical angle αc is ~9.5° at the level of the entire animal 
(calculated with Fn = 6.7 N (Pugno, 2011) and Fs= 40.2 N (Simmermacher, 
1884)) or ~11.3° at the level of setae (calculated with Fn = 40 μN (Autumn, 
2002b) and Fs = 200 μN (Autumn, 2000)). Note that the experimental values 
of the critical angle αc confirm the previously reported range of 5.2°-11.3° for 
the whole insect (Autumn, 2006b), and are in agreement with Eq. 5, so they 
are coherently smaller than the optimal adhesion angle α, as experimentally 
determined here.

A final consideration regards the linear equation which fits experimental data 
of the perpendicular adhesive force Fn of the gecko’s setae and the adhesion 
angle α (Autumn, 2000):

   2.28
1

22.0
n  F

N
 .      (6)

Interestingly, when the normal adhesive force Fn= 6.7 N for the whole Tokay 
gecko (Pugno, 2011) was utilized in Eq. 6, the value α of 28.6° (or 28.9°) between 
the opposing first and fifth toe (or between the opposing front and rear feet) is 
obtained by roughly dividing Fn by 4 for the number of the gecko’s feet (or by 
2 for the number of couples of opposing front and rear feet). This result is in 
agreement with the experimental adhesion angles reported here.

4.5. Conclusions

In summary, the gecko’s adhesion angle α has been estimated for a single toe 
(~25.5° (Autumn, 2006b)), for isolated setae arrays (~24.6° (Autumn, 2006b), 
~30° (Gravish, 2008)) and for a single seta (~30.0° (Autumn, 2006b), ~31° 
(Autumn, 2000)). In this study, they are calculated for the angles between the 
opposing front and rear feet (aF_FR-RL= 28°, aF_FL-RR  = 30°) and between the first and 
fifth toe of each foot (aT_FR = 26°, aT_FL= 29°, aT_RR = 28°, aT_RL  = 26°) directly for the 
whole gecko (Pugno, 2011). Thus, angles in the range from ~26° to ~30° seem to 
be optimil to maximize surface adhesion for living Tokay geckos. The agreement 
between the theoretical calculations from the multiple peeling theory and the 
experimental results at the level of foot and toe evaluated here, in addition to 
those already reported in the literature about the gecko adhesive system (single 
toe, isolated setae arrays and single seta), support the validity of our approach 
at different hierarchical levels and provides an important contribution to the 
literature. The presented findings could be useful for the industrial fabrication of 
bioinspired dry adhesives tapes, robotics systems, artificial adhesive suits and 
gloves for astronauts, the design of bio-inspired smart adhesive nanomaterials, 
and even biomedical applications. 



Emiliano Lepore, Nicola Pugno

7 1Chapter 5

Chapter 5 

Observations of Shear Adhesive Force 
and Friction of Blatta Orientalis on 
Different Surfaces

Abstract

The shear adhesive force of four non-climbing living cockroaches (Blatta 
Orientalis Linnaeus) was investigated using a centrifugal machine to determine 
of the shear safety factor on six surfaces (steel, aluminium, copper, two sand 
papers, and a common paper sheet). The adhesive system of Blatta Orientalis 
was characterized by means of a field emission scanning electron microscope, 
and the surface roughness was determined by an atomic force microscope. The 
presented findings highlight an interesting correlation between cockroach shear 
adhesion and the surface roughness with a threshold mechanism dictated by 
the competition between claw tip radius and roughness.

5.1. Introduction

The adhesive abilities of insects, spiders and reptiles have inspired scientists and 
researchers for a long time. These organisms present outstanding performance 
particularly for frictional and adhesive forces related to climbing abilities, 
especially considering their weight. In particular, it is well known how small 
insects can carry many times their own weight while walking quickly. 

During the last few decades, a multitude of insects have been studied in 
order to understand and measure their adhesive abilities using microscopy 
instruments (Scanning Electron Microscope (SEM) and Atomic Force Microscope 
(AFM)), such as common beetles (Stork, 1980; Eisner, 2000; Voigt, 2008; Dai, 
2002; Bullock, 2008; Eigenbrode, 2002); flies (Wigglesworth, 1987; Dixon, 
1990; Lees, 1988; Gorb, 2001b; Walker, 1985; Voigt, 2005); ants (Federle, 2000; 
Federle, 2002; Brainerd, 1994; Federle, 2003); cockroaches (Arnold, 1974; Bell, 
2007; Van Casteren, 2008; Clemente, 2008; Clemente, 2009 Lepore, 2013); 
spiders (Niederegger, 2006; Kesel, 2004; Kesel, 2003); and geckos (Autumn, 
2002a; Pugno, 2011; Autumn, 2006b; Pugno, 2008a; Pugno, 2008b; Lepore, 
2008; Huber, 2007; Irschick, 1996; Pugno, 2007a; Pugno, 2008c; Varenberg, 
2010).
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Biological adhesion can be obtained through different mechanisms  
(e.g. claws, clamp, sucker, glue, friction), although insect attachment pads have 
evolved in two main types; those which are hairy (thousands of flexible hairs, 
such as fly pulvilli and beetle pads) and those which are smooth (a highly 
deformable material, as for grasshoppers and cockroaches) (Peattie, 2009; 
Gorb, 2000). For example, geckos possess a dry adhesive surface organized in 
a hierarchical structure (Autumn, 2002a) like anoles, skinks, and spiders. Other 
animals possess secretion-aided fibrillae or pads, which are common in insects, 
especially hexapods (Beutel, 2001) like ants (Federle, 2002) and cockroaches 
(Arnold, 1974). The adhesive organs of these insects consist of smooth pads, 
and adhesion is mediated by a small volume of fluid secreted into the contact 
zone (Drechsler, 2006). In general, the adhesive structure and mechanism can be 
correlated with the micro-structured roughness of substrata (e.g. plant surfaces), 
which such animals interact with in nature (Gorb, 2002; Bitar, 2010) and thus 
have a strong influence on their adhesive abilities (Persson, 2007).

The normal and shear adhesive forces of several animals have been 
determined to assess their climbing abilities. As a matter of fact, these animals 
must endure not only perpendicular but also shear forces. For example, during 
the last few decades the adhesion of the Tokay gecko (Gekko gecko, ~100 g), which 
possesses the most widely studied biological adhesive system, was measured 
in terms of the normal force (Pugno, 2007a), the shear force (Autumn, 2006b), 
the adhesion time (Pugno, 2008a), and the influence of surface roughness on 
adhesive properties (Pugno, 2008b; Huber, 2007). 

The shear adhesive force, and thus the shear safety factor (sSF) obtained by 
dividing the shear adhesive force by body weight, is an apparent friction coefficient 
that has already been determined for some living animals through various techniques 
(Van Casteren, 2008): with a centrifuge machine, the sSF was estimated to be ~70 
and ~60 for male and female specimens of the Colorado potato beetle Leptinotarsa 
decemlineata (mass ~121 mg and ~168 mg, respectively) (Voigt, 2008), ~43 for syrphid 
flies (mass ~62 mg) (Gorb, 2001b), ~843 for the ant Oecophylla smaragdina (mass ~4 
mg) (Federle , 2003), ~18 and ~14 for male and female specimens of the codling moth 
Cydia pomonella (mass ~19 mg and ~30 mg, respectively) (Bitar, 2010), and ~70 for the 
bug Coreus marginatus (mass ~80 mg) (Gorb, 2004); with the application of weights or 
force transducer, the sSF is equal to ~40 for the beetle Pachnoda marginata (mass ~1 g)
(Dai, 2002), ~109 and ~3 for the leaf beetle Gastrophysa viridula and the stick insect 
Carausius morosus (mass ~10.4 mg and ~898 mg, respectively) (Bullock, 2005), ~28 
for the blowfly Calliphora vomitoria (mass ~72 mg) (Walker, 1985), ~100 for geckos 
(mean mass ~10 g), ~60 for anoles (mean mass ~9 g), and ~18 for skinks (mean mass 
~9 g) (Irschick, 1996), ~317 and ~81 for male and female specimens of the leaf beetle 
Gastrophysa viridula (mass ~10.8 mg and ~19.7 mg, respectively) (Bullock, 2009), and 
finally «1 for the green bushcricket Tettigonia viridissima (mass ~1 g, on polished 
silicon substratum) (Gorb, 2000).



Emiliano Lepore, Nicola Pugno

7 3Chapter 5

We have focused on the shear adhesive force of living cockroaches (Blatta 
Orientalis Linnaeus), a species of the Blattodea order. There are thousands 
of species of cockroaches and only a few of these species live in human 
environments. The species of Blattodea are distinguished between climbing  
(i.e. Blattella Germanica) and non-climbing (i.e. Blatta Orientalis) depending on their 
ability to climb on smooth vertical (or upside down) surfaces, like Poly(methyl 
meth-acrylate) (PMMA), Poly(ethylene terephthalate) (PET), and sheet metals.

In this study, we measure of the sSF of non-climbing living cockroaches (Blatta 
Orientalis Linnaeus) on six surfaces with different roughnesses (two different 
sandpapers, common paper, steel, aluminium, and copper) using a centrifuge 
technique. Four cockroaches were studied to assess the sSF via three measurements 
per individual on each surface. This procedure guarantees consistent biomechanical 
data correlated to the surface roughness, which is quantified by AFM. The adhesive 
system of Blatta Orientalis was characterized by a field emission scanning electron 
microscope (FESEM) at the end of the experimental session.

5.2.Experimental Set-up

A self-built centrifuge device was used to measure the sSF of cockroaches. The 
centrifuge machine allowed us to avoid any prior treatment of cockroaches, 
which are left free of motion and assume a natural attachment position inside 
the experimental box. In addition, previous studies (Federle, 2000) indicate that 
the centrifuge device most likely yields higher values for adhesive forces than 
any other procedure of force measurement. 

The sSF measurement depends only on the angular speed as the radius 
is constant (the position of the cockroach is far from the rotational axis). The 
experimental configuration is shown in Fig.5.1. 

The box was built in order to facilitate an interchangeable floor to perform 
tests on different surfaces. The machine is composed of an electric motor (M1 in 
Fig.5.1), which is used as a shaft, and another electric motor (M2), which forces 
the system to rotate. M1 and M2 are connected through a belt transmission. M2 

is connected to a 220 V power source (50 Hz, AC) controlled with a frequency 
controller (VFD004L21E, Delta Electronics, named FC), which modulates the 
current frequency in the range of 1-400 Hz. Two aluminum bars are attached to 
the shaft and support the box B1 of 25 cm x 25 cm x 25 cm on one side and the 
counterweight (CW) on the other side. The camera (C) is placed on the rotational 
axis (RA) of the system and records the cockroach’s movement. Inside B1 is another 
small box B2 of 7 cm (w) x 4 cm (l) x 3 cm (h), where the animals were placed 
so that the uncertainty on the insect’s radial position is reduced to ± 2.0 cm. 
The angular speed was measured with a standard bicycle computer (BCP-01, 
BBB company, named BC) by a magnetic sensor and LCD screen, which is fixed 
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to the radially external wall of B1. In the movie (in Fig.5.1, the blue lines identify 
the video shot), both the cockroach and the speed measurement were recorded 
so that the correct speed corresponding to the cockroach’s detachment is 
determined. The BC was calibrated with the reference distance (51 cm) between 
the rotational axis and the middle (M) of B2. The angular speed was calculated 
from the linear speed read on the BC LCD screen, which gives the speed value 
in the range of 0.0-199.9 km/h with an accuracy of ± 1 % over the read value. 

To minimize the cockroach experience of the rotation, the box was insulated 
from the environment using a dark paper to obscure the box and adding an 
artificial light (L) inside B1. 

Experiments were conducted on four adult cockroaches (B1, B2, B3, and B4) 
of the species Blatta Orientalis. They were kept alone and fed chicken feed 
ad libitum. The insects were maintained at a room temperature of ~25 °C and 
humidity of ~50 %, which were also the experimental conditions. 

The sSF measurements were conducted as follows. Four cockroaches were 
studied to assess the sSF using three measurements per individual on each surface. 
During the biomechanical experiments, a slow speed-up was provided to avoid 
high acceleration, which can facilitate an early detachment, and to satisfy the 
requirement of a constant angular speed in order to correctly evaluate the sSF. 
Every time the cockroach was placed on the bottom of the box, a two-minute time 
period was allotted so that it could familiarize with the room. During an acceptable 
test, the animal can still run on the bottom of B2 at low speeds, whereas it walks 

A

B

Figure 5.1 Side (A) and top (B) view of the centrifugal machine used to measure the insects sSF 

(M1: passive rotating linchpin; M2: electric motor connected to M1 with a transmission belt; FC: 

frequency controller to set the M2 rotational speed; RA: rotational axis; C: camera; B1: external box; 

B2: internal small box where specimens were placed in; M: middle of the internal box; L: lamp; BC: 

bicycle computer; CW: counterweight).
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more slowly as the centrifuge speeds up; finally, it stands still and contacts the 
substratum with all legs, assuming a ‘freezing’ position, which is advantageous to 
its attachment (Federle, 2000). By standing motionless with all legs spread out, the 
cockroach assumes a position that maximizes its adhesive ability, and detachment is 
not caused by natural movement but rather by the shear force acting on the animal. 
During an unacceptable test, the animals tended to go in a corner or against a wall, 
representing an aborting condition of the test. No animal was tested over more than 
two surfaces per day. The body weight of the four insects (equal to 405.9 ± 22.9 mg) 
was measured by a balance (EB200, Orma) with a precision of ± 0.1 mg.

5.3. Video Output

Fig.5.2 shows an example of two subsequent frames extracted from a single test 
video. The cockroach’s detachment and tangential speed on the LCD screen are 
clearly visible. The cockroach stands on the surface until it detaches and goes 
immediately against the back wall due to the centrifuge force. 

A

B

Figure 5.2 Two subsequent frames from a video: before detachment, the insect stands still on 

the surface (A) and, one frame later, it is in the box corner (B). These frames are extracted from a 

preliminary video without the use of the small box (B2).
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5.4. AFM Characterization of Surfaces

The characterization of surfaces (sheet of common office paper (80 g/m², named 
Cp), steel, aluminum, and copper) was performed in ‘contact mode’ with an AFM 
(Solver Pro M) with NSG01 tips (from NT-MDT, Moscow, Russia (Fig.5.3)). The 
parameters tuned during the analysis were the measurement speed (14.2 μm/s) 
and the measured area (100 μm x 100 μm for 3 tests on metals and 50 μm x  
100 μm for 6 tests on Cp) with a final resolution of 512 points/profile. All parameters 
were referred to a 100 μm cut-off. The cut-off length defines the length from which 
the roughness parameters were calculated and therefore strongly influences the 
roughness values. The roughness parameters were determined with NOVA software 
from NTMDT (Moscow, Russia). No roughness data was obtained for the two types of 
sandpaper (Sp50 and Sp150) because their roughness is beyond the working ranges 
of the AFM; the mean nominal diameter of surface asperities was used to compare 
them with the AFM measured surfaces. See previous studies (Pugno, 2011; Pugno, 
2008a; Pugno, 2008b; Lepore, 2008) for a detailed explanation of the classical 
roughness parameters (Sa, Sq, Sp, Sv, Sz, Ssk). Ska is the kustosis parameter and 
indicates the distribution of surface heights: when it is close to 0, the distribution 
of surface heights is like a Gaussian distribution; when it is higher than 0, the height 
distribution is sharper than a Gaussian distribution (so peak heights are close to the 
mean height); when is it lower than 0, the height distribution is more spread.

Figure 5.3 AFM characterization of the (A) steel, (B) aluminium, (C) copper, and (D) Cp surfaces.
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5.5. FESEM Characterization of Blatta Orientalis

We observed the adhesive system of Blatta Orientalis by means of a FESEM (FEI-
InspectTM F50) equipped with a field emission tungsten cathode at 1 kV. Samples 
were amputated from naturally dead adult cockroaches and maintained in 70 % 
ethanol solution, 12-h dehydrated, fixed to aluminium stubs by double-sided 
adhesive carbon conductive tape (Nisshin EM Co. Ltd.), and scanned without 
metallization. 

Fig.5.4 confirms the adhesive system description recently reported (Bell, 2007): 
a sub-obsolete nonfunctional arolium (not adapted for climbing a smooth vertical 
surface) with two claws for each of the six legs of Blatta Orientalis. The claw tip 
diameter was determined using the ImageJ 1.41o software to be 12.3 ± 4.73 μm.

Figure 5.4 The adhesive structures of the legs of Blatta Orientalis. (a) Frontal and (b) lateral view of 

a leg and some detailed micrographs (c, d, e, f, g) (d is the claw tip diameter).

5.6. sSF Evaluation

The sSF, which is defined as the ratio between the shear detachment force 
(Fdetachment) and the mass (m) multiplied by the gravity acceleration (g),is 
dimensionless and represents the apparent friction coefficient: 
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   gm
FsSF

⋅
= detachment

   (1)

We focus on the shear adhesive force and thus only consider the radial force 
(Fradial) acting on the insect. Thus, in our case Fdetachment

 = Fradial. A constant angular 
speed (w) is considered, so the radial force is proportional to the insect distance 
from the axis (the radius, R = 51 cm), the square of the angular speed, and the 
insect mass:

   RmF ⋅⋅= 2
radial ω   (2)

Thus, the sSF is easily calculated from:

   
g

RsSF ⋅
=

2ω
  (3)

Note that the sSF does not depend on the mass of the insect. Knowing the 
radius (constant) and neglecting the drag force as the insects are in a closed 
box, the sSF is obtained simply from the value of the angular speed measured 
on the BC. 

5.7. Experimental Results

Fig.5.5 shows that there is no significant difference among the sSF of different 
insects. Thus, we simply average the results of the four tests on each surface. 
Table 5.1 reports the sSF and the Fradial  for each surface (mean ± st.dev.) and 
shows a clear separation between rough (Sp50, Sp150, Cp) and smooth (steel, 
aluminium, copper) surfaces.

5.8. Discussion 

In general, claw-mediated adhesive insects can attach to a horizontal or vertical 
surface just by interlocking, so adhesion increases with surface roughness 
(Bullock, 2008; Van Casteren, 2008) in agreement with our observations. In 
particular, claw-mediated adhesion occurs when the surface asperity size is 
comparable to or larger than the claw tip diameter (Voigt, 2008; Dai, 2002; 
Bitar, 2010), which is estimated to be 12.3 μm for Blatta Orientalis. Table 5.1 
summarizes the calculated and estimated roughness parameters.

The unmeasured asperity diameter (Ad) for Cp, steel, aluminium, and copper 
(marked with (*) in Table 5.1) is estimated by multiplying the parameter Sq by 
the value of 3.6, the mean value Sq/Ad for sandpapers (Sp) from previously 
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Figure 5.5 The sSF for each individual are grouped by surfaces.
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Table 5.1 The roughness parameters, sSF and Fradial of the characterized insect/surface systems. The 
values (*) are computed by multiplying the parameter Sq by the value 3.6, which was previously 
calculated as Sq/Ad for sandpapers (Sp) with known Ad on which the roughness parameter Sq has been 
observed.

  Sp50 Sp150 Cp Steel Aluminium Copper

Ad (µm) 336 100 4.5(*) 0.7(*) 0.6(*) 0.8(*)

Sa (µm) - - 1.044 ± 
0.228

0.145 ± 
0.041

0.141 ± 
0.026

0.178 ± 
0.125

Sq (µm) - - 1.248 ± 
0.255

0.190 ± 
0.053

0.173 ± 
0.026

0.215 ± 
0.145

Sp (µm) 2.727 ± 
0.433

0.801 ± 
0.176

0.626 ± 
0.045

0.496 ± 
0.258

Sv (µm) 3.132 ± 
0.112

0.885 ± 
0.353

0.434 ± 
0.105

0.670 ± 
0.237

Sz (µm) - - 2.927 ± 
0.233

0.838 ± 
0.190

0.521 ± 
0.051

0.584 ± 
0.228

Ssk - - -0.31 ± 
0.143

-0.78 ± 
0.472 0.41 ± 0.331 -0.48 ± 

0.590

Ska - - -0.66 ± 
0.327

1.31 ± 
0.485

-0.08 ± 
0.820

-0.04 ± 
1.139

sSF 11.7 ± 1.6 12.1 ± 2.0 7.7 ± 1.7 1.9 ± 0.6 2.0 ± 0.7 2.9 ± 1.0

Fradial (mN) 46.8 ± 8.5 48.1 ± 9.0 30.9 ± 7.2 7.4 ± 2.1 7.9 ± 3.2 11.6 ± 4.3

published papers (the value of Ad is known for sandpapers on which the 
roughness parameter Sq was calculated). It is reported here as SpAd-Sq, thus 
Sp30μm-6.66 μm, Sp16μm-3.75 μm, Sp12μm-3.25 μm, Sp0.5μm-0.13 μm and Sp1μm-0.4 μm
(Bullock, 2010), Sp12μm-3.06 μm, Sp9μm-2.45 μm, Sp3μm-1.16 μm, Sp1μm-0.24 μm
and Sp0.3μm-0.09 μm (Huber, 2007), Sp12μm-3.0603 μm, Sp9μm-2.4537 μm, 
Sp3μm-1.1567 μm, Sp1μm-0.2384 μm and Sp0.3μm-0.09 μm (Voigt, 2008). The 
results confirm our assumptions: the claws of Blatta Orientalis are not able to 
grip surfaces with Ad smaller than ~12 μm. Also, when compared with the shear 
adhesive forces on Sp50 and Sp150, a decrement of the shear adhesive forces 
of about 35 % on the Cp surface and of more than 80 % on metals is recorded.

Referring to the roughness analysis of steel, aluminium, copper, and Cp 
(Fig.5.3 and Table 5.1), it is clear that the Cp surface is characterized by the 
parameters Sa, Sq, Sp, Sv, and Sz of one order of magnitude higher than those 
of metal surfaces with a spread distribution of peak heights (Ska < 0), whose 
number is exceeded by the number of valleys (Ssk < 0), which are deep, wide 
and so most likely complementary to the geometry of the claw tip. 

Referring to the metal surfaces, a noteworthy difference clearly emerges 
between copper and aluminium when compared with steel (on which we record 
the lowest sSF). The steel surface is denoted by a higher number of valleys than 
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peaks (Ssk < 0), whose heights are very close to the mean value (Ska > 0) and 
which are usually at a distance lower than 1 μm. Thus, the lowest performance 
of Blatta Orientalis on the steel surface could be explained by the objective 
impossibility of the cockroach to interlock its claws inside the peak to peak 
distance.

The aluminium and copper surfaces are comparable for all of the roughness 
parameters with the exception of Ssk, which highlights that the cockroach Blatta 
Orientalis endures higher sSF on surfaces with a lower number of peaks than 
valleys, which most likely facilitate interlocking for its claws.

5.9. Conclusions

We measured the sSF of four non-climbing living cockroaches (Blatta Orientalis 
Linnaeus) using a centrifuge technique on six surfaces (two different sandpapers, 
common paper, steel, aluminium, and copper). The cockroach’s maximum 
sSF, or apparent friction coefficient, is determined to be 12.1 on Sp150 
(Ad ≈ 100 μm,  Fradial= 48 mN), and the minimum sSF is determined to be 1.9 
on steel (Ad ≈ 0.7 μm, Fradial = 7.4 mN). An interesting threshold mechanism is 
demonstrated between the cockroach’s shear adhesive force and the surface 
roughness. It is clear that the best adhesion is obtained for roughness larger 
than the claw tip radius; surfaces with a higher number of valleys than peaks 
(Ssk < 0) and a spread distribution of peak heights (Ska < 0) also allow better 
adhesion.
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