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Abstract: The remarkable ability of geckos to climb and run rapidly on walls and ceilings has recently received 
considerable interest from many researchers. Significant progress has been made in understanding the attachment 
and detachment mechanisms and the fabrication of articulated gecko-inspired adhesives and structured 
surfaces. This article reviews the direct experiments that have investigated the properties of gecko hierarchical 
structures, i.e., the feet, toes, setae, and spatulae, and the corresponding models to ascertain the mechanical 
principles involved. Included in this review are reports on gecko-inspired surfaces and structures with strong 
adhesion forces, high ratios of adhesion and friction forces, anisotropic hierarchical structures that give rise to 
directional adhesion and friction, and “intelligent” attachment and detachment motions. 
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1  Introduction 

For millennia, the gecko has been well-known for its 
fantastic climbing abilities. By using only one toe, 
geckos can easily hang vertically even upside-down 
from hydrophilic or hydrophobic, smooth or rough 
surfaces on walls (they cannot hang from a ceiling with 
only one toe). The typical step intervals of geckos are 
approximately several tens of milliseconds [1]. Gecko 
setal arrays have the excellent ability of self-cleaning [2], 
which has a considerably wider potential application 
than pressure-sensitive adhesives (PSA) in several 
areas, such as robotics for rescue and detection, counter- 
terrorism, chemical sensing, and space positioning.  

A considerable number of studies have been devoted 
to understanding the interrelated “frictional adhesion” 
properties and mechanisms of gecko feet, hairs, and 

setae in order to mimic the gecko’s swift movement 
on walls and ceilings. Wall-climbing robots based on 
gecko-inspired adhesives have several advantages over 
those based on vacuum suction, magnetic adsorption, 
or velcro, such as small size, flexible and controllable 
articulation capability, self-cleaning property, and adap-
tability on rough surfaces [3−4]. Therefore, research on 
the attachment and detachment mechanisms of gecko 
feet and hairs and the overall design of gecko-inspired 
adhesives is of great interest for both theoretical and 
practical applications on special functional surfaces, 
articulated robots, and related devices. 

In this article, we review the recent advances in 
gecko adhesion and friction mechanisms and the 
development of gecko-inspired dry adhesive surfaces. 
The essential geometric and mechanical properties  
of the gecko adhesive system are first presented, 
followed by an overview of the fundamental modeling 
and understanding of the scientific principles of the 
gecko adhesive system from the nano-scale contacts 
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to the micro-scale structures, to the macro-scale feet 
and the entire animal. On the basis of the above-
mentioned understanding, the design principles of 
gecko-inspired dry adhesive surfaces are identified and 
the information they reveal about future fabrication 
strategies is assessed. Finally, we discuss some future 
issues in this field. 

2 Adhesion and friction mechanisms of 
gecko seta 

2.1 Origin and measurement of adhesion forces  
of gecko seta 

Scanning electron microscopy has enabled the exam-
ination of the fine, hierarchical structures of setae. 
There are approximately twenty rows of lamellas on 
each gecko toe and approximately 20 setal arrays on 
each lamella. The single seta is approximately 110-μm 
long and has a diameter of approximately 4−6 μm  
[5]. The seta bifurcates into approximately 100–1000 
spatulae at the terminal end [6]. This branched 
structure ensures close contact between the setae and 
the (microscopically rough) surfaces that the gecko 
climbs.  

Researchers have proposed several hypotheses to 
explain the origin of the strong adhesion (and friction) 
forces of gecko seta, such as electrostatic interaction, 
vacuum (or suction), microinterlocking (similar to 
velcro), and glue, which were all eventually disproved 
by experiments [7, 8]. The van der Waals and capillary 
forces are the two major basic interactions between 
the setae and the surface. Experimental results have 
indicated that the van der Waals force between the 
setae and the substrate is the main contributor to the 
adhesion force, and that the presence of water vapor 
in the environment may enhance this force through 
an additional capillary force [9−14]. Similar adhesion 
forces were observed by Autumn et al. [9] on both 
hydrophobic and hydrophilic surfaces, which provided 
the direct evidence for the van der Waals mechanism. 
Then, many researchers found the enhanced adhesion 
forces with increasing humidity [10, 11, 15]. Huber et 
al. [11] also measured the gap between the spatula 
and the substrate by using white light interferometry, 
which is only 1–2 water monolayers even at high 

humidity. Therefore, the authors proposed that the 
presence of a monolayer or two of water would modify 
the van der Waals Hamaker constant. Similarly, Pesika 
et al. [16] investigated that the surface hydrophobicity 
of a gecko setal array changed after prolonged 
exposure to water by using a surface force apparatus 
(SFA). Further, Puthoff et al. contradicted a capillary 
mechanism and discovered that an increase in humidity 
softens the setal β-keratin, leading to an increase in 
the adhesion forces [17].  

Experimental measurements of the adhesion and 
friction forces of the hierarchical structures of gecko 
seta have been performed over the past few years. 
Hansen and Autumn found that the friction force   
of an isolated setal array is 0.37 N, with an apparent 
contact area of ~1.0 mm2, whereas that of a single toe 
is 4.3 N, with an apparent contact area of ~200 mm2 
(2 cm2) The maximum friction force of a single seta (with 
approximately 100–1,000 spatulae) is approximately 
200 μN, while the adhesive forces ranges from 20 to 
40 μN. A single seta will spontaneously detach from 
its opposing surface when the setae shaft subtends an 
angle of 30° with the opposing surface [18]. Huber et 
al. [19] glued an isolated seta perpendicular to the 
end of an atomic force microscopy (AFM) cantilever, 
cut most of the terminal branches of the seta away  
to isolate a few single spatulae, and measured the 
adhesion force of a single spatula to be approximately 
10 nN.  

The abovementioned experimental friction or shear 
stresses at different structural levels (i.e., from a 
single spatula to an entire toe) varied from several 
kilopascals to ~1,000 kPa because the real contact area 
was significantly influenced by the preload, test 
conditions and the nature of the seta arrays [20–22]. 
These fundamental experiments laid the foundation 
of subsequent theoretical analyses.  

2.2 Adhesion model of gecko seta 

Along with the experimental studies, significant effort 
has been made to theoretically analyze the adhesion 
(and friction) properties of gecko setae and spatulae 
(see Fig. 1). Since the traditional Hertz model fails to 
include the surface adhesion between two contacted 
surfaces, the JKR model of “contact mechanics” or 
“adhesion mechanics” [23], which considers the force  
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required to pull an elastic sphere of radius R from a 
planar surface, is used for describing the adhesion force 
of the gecko seta and spatulae. The gecko spatulae 
are simplified as cylinders, each terminated with a 
hemispherical end of radius R. Using the adhesion 
forces measured for a single spatula, we calculated the 
size of the equivalent JKR sphere to be approximately 

0.13 μm, which is close to the real (imaged) size of a 
spatula [11]. The principle of “contact splitting” for 
bio-inspired fibrillar surfaces has been identified 
[24, 25], i.e., the adhesive stress of a biological system 
is inversely proportional to the radius of the terminal 
structure of the attachment hairs, R. Since the adhesion 
force is proportional to R while the density of contacts 

 
Fig. 1 Theoretical development of adhesion mechanism of gecko seta. 
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is proportional to 1/R2 based on the self-similar scaling 
assumption, the total force per unit area is inversely 
proportional to R. Thus, animals with a larger mass 
usually have smaller attachment structures [25]. 
However, a more detailed research by Peattie and 
Full [26] proposed that this scaling law was invalid  
in phylogenetic relationships between species, which 
showed that the dynamic properties and the synergistic 
effect of all hierarchical elements, not just the static 
contact, should be considered. 

One of the disadvantages of applying the JKR model 
to describe the adhesion of gecko hairs is that the 
influence of sliding deformation on the enhancement 
of the adhesion force cannot be explained [27]. How 
does the sliding influence the contact between the 
terminal end structure of the seta and the substrate? 
To address these problems, researchers have developed 
a fibrillar adhesion model to consider the bending 
deformation of the setal array during a normal loading 
process [28]. First, the low effective elastic modulus of 
the seta array must be understood and theoretically 
(quantitatively) described: the gecko seta is made   
of β-keratin, which has a bulk Young’s modulus 
between 1.3 and 2.5 GPa based on measurements of 
claws and feathers [29]. Peattie et al. [30, 31] used a 
resonance technique to directly measure the Young’s 
modulus and found it to lie between 1.4 and 1.6 GPa. 
The complex modulus of the setal β-keratin was 
measured to be 1–4 GPa depending on the environ-
mental relative humidity [12, 26]. The 103–104-kPa 
effective elastic modulus of the setal array is signifi-
cantly lower [32]. Persson and Autumn modeled the 
relationship between the effective elasticity of fiber- 
array systems and the bulk materials [32, 33], and 
Schubert et al. [34] presented a similar analysis. Their 
experimental and theoretical results explained the 
low effective elastic modulus of the gecko setal array 
and showed that this allows for good adaptability for 
making good contacts on rough surfaces, while the 
high bulk modulus of β-keratin itself prevents the 
self-matting of the neighboring setae, provides an 
efficient self-cleaning mechanism, and is fracture- 
resistant under high stress. For more information 
about the formulae, please refer to Ref. [35]. 

Second, the influence of bending deformations on 
adhesion has been analyzed by two types of fibrillar 

adhesion models. In the first type of model, the 
adhesion force is described as the summation of the 
adhesion forces of inclined cantilever beams or a 
spring array of supported hemispheres on a surface 
[36−38]. The second model shows that the hierarchical 
structures can increase their effective adhesion energy 
during detachment from a rough surface by increasing 
the elastic deformation energy [33, 39]. 

Further, Gao et al. [40] analyzed the detachment of 
a single seta using a finite element analysis method 
and proposed that the peel strength can vary by one 
order of magnitude as a function of the peel angle. 
The results showed that the adhesion force decreased 
with a decrease in the peel angle to below 30° and 
that the maximum adhesion force was achieved at a 
peel angle of 30°. However, these theoretical findings 
did not agree with the experimental results, which 
showed that a single seta had a lower adhesion force 
and that it spontaneously detached from a surface at 
a 30° tilt angle rather than a smaller tilt angle.  

Other researchers have also analyzed the con-
tribution of the hierarchical structures to the adhesion 
energy or force [40−45]. It was reported that the 
adhesion strength can change by two orders of mag-
nitude at different tilt angles of the fiber arrays [46, 47]. 
However, these models focused on the deformation of 
the upper supporting structures and did not consider 
the actual contact shape of the terminal structures 
(the adhesion junctions). 

The developed fibrillar adhesion models provide a 
good understanding of the strong adhesion forces of 
gecko setal arrays. However, based on the JKR and 
most fibrillar models, the pull-off force (the maximum 
force which can be provided by the adhesion interface) 
and the adhesion force (the critical force to separate 
the two adhered objects) have the same magnitude, 
depending only on the material properties and geo-
metric structures of the fiber array. Thus, these models 
cannot explain how the gecko can quickly detach from 
surfaces. Moreover, on the basis of these models, the 
effective adhesion force of the setal array ought to 
decrease with an increase in the surface roughness. 
In real situations, the adhesion force of the setae of 
gecko, flies, and bees initially decreases and then, 
increases with an increase in the surface roughness 
[48, 49]. The minimum adhesion force of the gecko 
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spatulae is found on a surface with a roughness    
of approximately 200 nm, which matches one of the 
characteristic dimensions of the spatula. Since fibrillar 
models do not consider the terminal structure of the 
setae, they cannot fully capture the “contact mechanics” 
or “adhesion mechanics” of setal arrays. 

2.3 Peeling model of gecko spatulae 

The adhesion models based on fiber arrays described 
above do not provide an insight into why the detach-
ment force is considerably less than the adhesion force 
due to the simplification of the terminal structures of 
setae as simple spheres or flat-ended cylinders, which 
is very different from the actual thin fan shape of the 
spatula pad. Therefore, various “peeling models” have 
been developed to more appropriately demonstrate 
the mechanism of gecko spatulae detachment, which 
is analogous to the peeling of adhesive tapes. 

The Kendall model [50] describes the peeling 
strength of an adhesive tape as a function of the peel 
angle. The spatula pad is simplified as a single strip of 
tape [19, 20] with nanoscale dimensions. The Young’s 
modulus of the spatula is ~2 GPa; thus, the elastic 
energy term in the peeling spatula can be neglected, 
so that w = F/γ, where F = 10 nN is the experimental 
adhesion force of the spatula and γ = 50 mJ/m2. The 
width of the spatula w is 200 nm, which is close to the 
actual geometric dimension of the spatula. The Kendall 
model has provided new insights into the peeling 
mechanism of gecko detachment [51, 52]. It is also  

important to note that the biomechanics of a gecko 
walking on a surface reveals the use of a particular 
configuration, a Y-shaped geometry/configuration 
[1, 20, 52]. In this configuration, in order to take a 
step forward, the gecko always has two diagonally 
opposite feet on the surface while detaching the other 
two. The two attached feet are angled to the surface at 
a certain angle, with a tension along the feet, forming 
a Y-shaped geometry and yielding a total force in the 
normal direction to the surface. Further, one foot 
always has five toes gripped in at different directions. 
The lateral friction forces due to the toes and feet are 
finally equilibrated with each other in a static staying 
sate of the gecko or provide some net friction force to 
drive the motion of the body. 

An understanding of the mechanical behavior of 
pressure-sensitive adhesive tapes is important to 
describe the peeling mechanism of the gecko spatula 
[53−55]. Considering the hierarchical structures of the 
setae and the macroscopic articulations of gecko toes, 
particularly how the friction force contributes to the 
adhesion force, Tian et al. [56] theoretically analyzed 
the friction and adhesion behavior of gecko pads on 
the basis of tape peeling model, as shown in Fig. 2(a). 
High adhesion and friction forces are predicted in the 
“toe-gripping” actuation, while small release forces are 
predicted in the “toe-releasing” actuation, these two 
being determined by the different “peel angles,” for 
gripping and releasing. The lateral friction force and 
the normal adhesion force of a single seta can change  

 
Fig. 2 (a) Tape model considering the final two levels of the hierarchical structures of setae. (b) Theoretical normal, lateral, and stretching 
forces of a single spatula at different pulling angles. μ is the friction coefficient between spatula pad and substrate. In the gripping direction,
the peel angle of a spatula pad is decreased in order to approach 0°, while in the releasing direction, the peel angle of the spatula pad is
close to or more than 90°. 



Friction 1(2): 114–129 (2013) 119 

 

by more than three orders of magnitude during gecko 
toe gripping (attachment) and releasing (detachment), 
as shown in Fig. 2(b). Using a finite element model, 
Peng et al. [51] analyzed the change in the peel zone 
length and the peel force at different peel angles, 
Young’s moduli, and spatula thicknesses. Endlein et 
al. found that the adhesion forces of tree frogs can also 
be explained by the peeling theory [57]. 

Peeling models provide a good way to explain the 
experimental results of the adhesion forces of gecko 
setae on surfaces with varying roughness. Fuller and 
Tabor [58] developed a contact model for elastic 
solids to describe the effect of roughness in reducing 
the adhesion force as the real contact area decreases 
with increasing surface roughness. However, surface 
roughness can also increase the real contact area of a 
highly compliant film, leading to the opposite result 
[59]. Persson and Gorb proposed a qualitative analysis 
of the effect of the elastic deformation of a spatula  
on the effective adhesion energy [60]. Peng and Chen 
[61] demonstrated that the normal adhesion force is 
dependent on the dimensions of the film with respect 
to the wavelength of the (sinusoidal) roughness of 
the substrate. 

The developed peeling models provide a good 
theoretical basis to explain the fundamental mech-
anisms of seta detachment and the peeling behavior 
of a single gecko spatula on surfaces with different 
roughness. Future work can be conducted on the more 
complex peeling behaviors of hierarchical structures 
taking into consideration the different geometries and 
deformations of the spatulae, setae, toe pads, and feet 
at different length scales.  

2.4 Coupling of friction and adhesion 

Experimental results show that the friction force of 
gecko setae during sliding along the setal curvature, 
the gripping in this direction, is considerably higher 
than the adhesion force, and that lateral sliding is 
necessary to generate the strong adhesion (and friction) 
forces [18, 20, 27]. The coupling of the adhesion and 
friction forces, known as “frictional-adhesion” is one 
of the most important mechanical properties of the 
seta [12, 62, 63]. 

Setal arrays usually show strong friction anisotropy 
depending on the shear direction. Different effective 

elastic moduli of the setae arrays are observed in  
the loading and unloading force-distance curves 
when sliding along or against the seta tilt directions 
(correspond to the gripping in and releasing directions, 
respectively) [32]. Furthermore, friction and adhesion 
forces obey different rules in the different sliding 
directions. The friction force is more than four times 
larger than the preload when sliding along the 
gripping direction [20, 21, 64], and the adhesion force 
is enhanced. In contrast, when the setal arrays are 
dragged against the gripping direction, the friction 
force is less than the preload and obeys Coulomb’s law, 
where the normal force becomes repulsive [20, 21]. 
These anisotropic properties of the gecko setae are 
attributed to the anisotropic structure and deformations 
when the setae or toes are slid or articulated in 
different directions [12, 65]. 

The coupling of friction and adhesion forces of the 
setae is significantly influenced by the applied preload. 
Wan et al. [66] experimentally showed that the preload 
can decrease the tilt angle of the seta and increase the 
contact number of spatulae, thereby increasing both 
the adhesion and the friction forces. However, the 
normal adhesion force turns into a repulsive force 
when the preload is above some critical value. Ideally, 
when the adhesion and friction forces are maximum, 
the tilt angle is small [67]. However, crowding 
considerations impose a limit on how small the tilt 
angle can be before the fibers become overcrowded. 
A theoretical limiting tilt angle of approximately 
12.6° is consistent with the experimental compression 
data [68]. 

The strong anisotropy and synergy between the 
friction and adhesion performances of the setae arise 
from the anisotropic deformations of the structures. 
The friction and adhesion of single seta can reach a 
stable steady-state value after sliding for several 
micrometers [18], whereas for the entire setal array, 
the critical sliding distance was found to be several 
hundred micrometers. Numerical simulations show 
that sliding causes the spatulae to become well-aligned 
or ordered, leading to an increase in the real contact 
area and to a more stable configuration during sliding 
[69, 70]. Cheng et al. [71, 72] proposed that a pre-tension 
can increase the adhesion force of the seta at small 
peeling angles.  
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3 Gecko-inspired adhesives 

3.1 Design principles 

The gecko seta’s advanced performance in terms of 
friction and adhesion endows the gecko with excellent 
climbing abilities. The creation of a new type of dry 
adhesive inspired by the gecko adhesive system has 
received considerable attention. Understanding the 
key properties, principles, and mechanisms of the 
gecko adhesive system is essential for the design of 
bio-inspired dry adhesive surfaces [73]. 

As discussed above, the “contact-splitting principle” 
has been recognized and widely accepted [24, 25, 
74−78]. On the basis of the JKR model predictions, it 
can be said that the higher the extent of splitting at 
the end of the setae, the higher is the adhesion force 
and the better is the resistance to damage. For these 
reasons, fibrillar surfaces are now widely used for 
producing smart adhesive systems. Theoretical analysis 
shows that fibrillar ends are not sensitive to defects 
when the size of the fibrils is less than some critical 
length scale [79]. However, a recent study also shows 
that the adhesion force does not increase when the 
number of contact elements increases while the total 
contact area is constant [80]. 

Since the mechanical performance is highly de-
pendent on the structures, the size and shape of the 
optimum fibers is widely discussed. The effect of the 
shape of the terminal ends becomes more important 
with increasing size and stiffness of the materials [79]. 
Spolenak et al. [81] proposed that a flat punch is the 
perfect shape for a bio-inspired surface, but in practi-
cal applications, the properties of the fiber array with a 
flat punch end may be more easily affected adversely 
by surface roughness and surface (particulate) con-
taminants. Gorb and Varenberg [82] proposed that 
fibers with narrow necks and thin plate-shaped (or 
mushroom-shaped) ends should be used for over-
coming these disadvantages. Experimental results also 
showed that mushroom-shaped fibril ends perform 
well during loading–unloading cycles, with improved 
robustness and stability [83].  

An anisotropic structure for the fiber arrays is 
particularly important in the design of bio-inspired 
surfaces [84, 85]. Directionally angled polymer flaps 
were first introduced in the fabrication of a gecko- 

inspired dry adhesive surface [86]. Basically, the 
anisotropic behavior of the gecko setae is due to the 
asymmetric deformation and contacts. Therefore, the 
asymmetric mechanical designs, including asymmetric 
shapes [87] as well as different elastic moduli [88] for 
the fibrillar structures are expected to provide the best 
prospects for creating the desired performance (for 
energy-efficient wall climbing, ceiling running, etc.). 
Therefore, an anisotropic articulation is required to 
make full use of these anisotropic structures. 

A fiber array with a high aspect ratio promotes 
contact adaptability; however, it should also be noted 
that slender fibers can easily adhere to neighboring 
fibers through van der Waals forces, leading to a 
failure of the device (due to the so-called “crowding” 
or “bunching” behavior) [89]. Sitti et al. and Hui et al. 
[40, 90−92] proposed anti-self-adhesion models based 
on a force and energy analysis, respectively. 

Based on an understanding of the above-mentioned 
design principles, some general design criteria have 
been developed: The geometric parameters should be 
designed taking into account the modulus of the 
materials. Using numerical calculations of a fiber array 
squeezed by a sphere, Aksak et al. [37] designed   
the optimum length and diameter of inclined or 
perpendicular fibers. Spolenak et al. [93] proposed 
some general “adhesion maps” for fiber arrays with 
hemisphere-shaped ends, including considerations of 
condensation, adaptability, contact strength, and fiber 
fracture, as shown in Fig. 3(a). The target optimum 
areas are a series of triangles in the map of fibril 
radius and Young’s modulus. Greiner et al. [94] further 
developed adhesion design maps for fiber arrays with 
different shapes. Recently, Zhou et al. [95] developed a 
numerical peel-zone calculation method and proposed 
an adhesion and peeling design map to evaluate  
the design criteria for strong attachment and easy 
detachment (peeling) forces, as shown in Fig. 3(b). 
The peeling force can be changed by three orders of 
magnitude with respect to the normal adhesion force 
by changing the design parameters of the structures. 

3.2 Fabrication 

3.2.1 Fabrication of gecko-inspired surfaces with strong 
adhesion 

Based on the original design principle of fiber splitting, 
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microfibrillar surfaces using microfabricated templates 
with whole arrays and nanowire surfaces with rela-
tively large aspect ratios and high Young’s modulus 
have been fabricated. With further advancements   
in design principles, fibrillar gecko-inspired surfaces 
could be developed ranging from simple perpendicular 
standing sphere-ended single-level fiber arrays to 
different end-shaped fibers, inclined fiber arrays, 
fibers with surface modifications, and hierarchical 
structures, as shown in Fig. 4. 

On the basis of the “contact-splitting principle”, 
most of the early publications reported fiber array 
surfaces with flat or semisphere ends. In the first trial 
of a templated fabrication, an AFM pin was used  
for making holes on a wax surface [89, 92]. With the 
development of etching technology [25], particularly 
lithographic techniques, the morphology of the fibers 
could be perfectly controlled, leading to an increase 
in adhesion strength [90, 96−100]. Nanowires with 
self-cleaning properties have been reported, which 

  
Fig. 3 Design maps of gecko-inspired fibrillar surfaces. (a) Adhesion design maps for gecko-inspired fibrillar surfaces with hemisphere-
shaped ends. The triangle denotes the target area of  = 10 (reproduced from Ref. [93]). (b) Adhesion and peeling design map for 
gecko-inspired fibrillar surfaces with flat ends with the typical values given in Ref. [95]. ρr denotes ρ per length at the peel angle of 90°, 
and ρ is defined as the ratio of the normal adhesion force per unit width (pull-off strength) to the peel strength, which represents the 
strong attachment and easy-removal properties of surfaces. 
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shows the potential applications of nanowires and 
nanotubes with a high Young’s modulus [101]. 

Fiber arrays with different end shapes, such as mush-
rooms, asymmetric spatulae, and concave structures, 
have been reported [97, 102, 103]. In practice, the 
mushroom-shaped fiber array is the most commonly 
used [104−108]. Gorb et al. [72] reported a gecko- 
inspired mushroom surface made of polyvinyl siloxane 
(PVS) with an adhesion strength of approximately 
50 kPa. Kim and Sitti fabricated a fibrillar mushroom 
surface with polyurethane (PU) that generated  
180 kPa [109], and Davies reported that a fibrillar 
poly(dimethylsiloxane) (PDMS) surface can reach 
219 kPa [106]. A combination of lithography and the 
two-step molding process is now also widely used for 
fabricating hierarchical fibrillar surfaces [37, 110−112]. 
Deep reactive ion etching [113], self-assembly [114], 
anodic oxidation [113], angled etching, and mechanical 
yielding techniques or methods [37, 115−117] have also 
been explored to fabricate templates of gecko-inspired 
dry adhesive surfaces. 

The incorporation of hierarchical structures into 
fibers has also been explored. Two- or three-level fiber 

arrays produce higher adhesion strength than single- 
level ones [105, 118−121]. Jeong et al. [86] reported  
that the adhesion of two-level fiber arrays made of 
polyurethane acrylate does not decrease with an 
increase in surface roughness as long as it is less than 
20 μm, exhibiting better adaptabilities than a single- 
level fiber array. This gecko-inspired surface generated 
an adhesion strength of 260 kPa, which can be used 
for moving on large-area glass surfaces [86].  

The upper supporting level that mimics the lamella 
or foot is usually fabricated as the backing layer of 
the fiber array [122−124]. Lee et al. [122] fabricated   
a gecko-inspired polyethylene surface, combining 
lamellae and nanofiber arrays by heat rolling, which 
exhibited high compliance. Tian et al. [125] experi-
mentally revealed that the soft lamellar skin of the 
gecko acts as a soft spring and contributes to the 
reliable control of a wide range of adhesive states 
rather than a repulsive state. Further, the three-legged 
hybrid clamp mimicking a lamellar skin/setae structure 
was developed to transfer a horizontally placed silicon 
wafer. Sameoto et al. [123] fabricated a surface that 
combines the macroscale substrate and the fiber array  

 

Fig. 4 Fabrication strategies of gecko-inspired surfaces. 
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to increase adaptability. Northen et al. [124] reported 
a method to actively switch between adhesion and 
non-adhesion by controlling the orientation of the 
cantilever by a magnetic field; the adhesion strength 
was only 14 Pa, but provided the general proof-of- 
concept that adhesion can be reversibly controlled 
through an external stimulus. 

A selection of materials for gecko-inspired adhesives, 
such as polymide [89, 106], PVS [25, 74], PDMS [99, 106, 
108, 126], poly(methyl methacrylate) (PMMA) [115], 
polyurethane [109–110, 113], polystyrene (PS) [105, 
114], silicon rubber [127], polypropylene [128], and 
polyethylene has also been considered [122]. It is pro-
posed that polyurethane with a low Young’s modulus 
can generate strong adhesion because the polar groups 
contribute to the enhancement of the adhesion; thus, 
this material may be suitable for gecko-inspired adhe-
sives [129]. Lee et al. [130] coated the fabricated pillars 
with a mussel-adhesive-protein-mimetic polymer in 
order to improve the reversible wet adhesion property 
under water. This chemical coating method appears to 
be effective in enhancing the adhesion of functional 
surfaces.  

Since the thermal and electric properties of polymer 
materials are not satisfactory in certain applications, 
aligned carbon nanotubes with stable electrical and 
thermal properties have drawn increased attention 
[124, 131−134]. Yurdumankan et al. [132, 133] first 
reported a multiwalled carbon nanotube (MWCNT) 
adhesive with a PMMA-backing layer in which the 
adhesion stress reached 16 MPa based on experiments 
conducted on the nanoscale. CNT arrays with an 
adhesion strength of 110 kPa have been achieved by 
Zhao et al. [134], but their durability is poor. Ge et al. 
[135, 136] reported that the CNT array supports a 
200-kPa shear stress over a period of 8–12 h without 
any cohesive break; the adhesion strength was 30– 
50 kPa. A large increase in the adhesion and friction 
strength of CNT adhesives was also reported by Qu 
et al. [137, 138] who achieved 100 kPa and 1 MPa, 
respectively. Fiber arrays with a high Young’s modulus 
can generate strong adhesion because of the compliance 
of nanotubes and their strong van der Waals forces 
[34, 139−141]. 

3.2.2 Anisotropic friction of gecko-inspired surfaces 

The tribological properties of materials mainly rely on 

the surface structures and the chemical nature of the 
surfaces. Anisotropy exists widely in nature [142]. At 
the macroscopic scale, for example, textured structures 
are widely applied in the weaving industry, sole 
decorative patterns, tires, and roads in the form of 
friction anisotropy. Friction anisotropy also exists 
between crystalline surfaces, such as mica, exfoliated 
graphene, synthetic self-assembled monolayers, and 
quasi-crystalline structures of metallic alloys, which are 
assigned to the lattice structure or elastic puckering. 
The skin of several animals also have anisotropic 
structures, such as the feathers of birds, the scales of 
fish and snakes, and the finer hierarchical micro- and 
nano-scale structures of lizards, geckos, and flies. 
Among these structures, the gecko with its hierarchical 
structures from the macro- to the micro- and nano- 
scales shows great advantages in terms of anisotropic 
friction and adhesion properties, which enable geckos 
to rapidly switch between attachment and detachment 
on both walls (requiring switchable friction) and 
ceilings (requiring switchable adhesion) [22]. 

Two types of structures can be used for fabricating 
anisotropic gecko-inspired adhesives: inclined and 
asymmetric structures. According to the fibrillar 
adhesion models, an inclined fiber array generates 
friction anisotropy [116, 143, 144]. For example, Murphy 
et al. [135] prepared an angled spatula-shaped fibrillar 
surface that generated obvious anisotropic friction 
and adhesion. The adhesion force along the inclined 
direction of the inclined fiber array produced by Yu 
et al. [116] was 6 to 7 times higher than that along  
the inclined direction. Zhou et al. [139] posited that 
inclined MWCNT array surfaces produce stable 
friction anisotropy over several thousands of cycles. 
Fiber arrays with asymmetric shapes or asymmetric 
spatulae at the ends also produce frictional anisotropy 
[88, 108, 145−147]. Yoon et al. [89] reported on Janus- 
faced fiber arrays by selectively depositing a metal 
layer only on one side, leading to friction anisotropies. 

4  Future research avenues 

Although recently there have been significant advances 
in modeling the friction and adhesion mechanisms  
of geckos, some challenging issues remain to fully 
understand and mimic this complex frictional-adhesive  
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system. The contribution of hierarchical structures is 
still not fully understood. The role of the lamellae has 
not been extensively explored. The experiments on a 
single seta by Autumn et al. showed that sliding a 
single seta on a surface at a distance of approximately 
5 μm can maximize the adhesion force while a larger 
distance is required for the setal array. There are still 
no models that can fully explain the anisotropic 
mechanical deformations of the hierarchical structures 
and the peel processes during sliding. The articulation 
and deformations of all the different structures during 
gripping and releasing is another future research 
direction. Thus, the hierarchical design principles of 
the gecko-inspired dry adhesive surfaces have yet to 
be fully identified and established. 

Further, the effects of the sliding velocity on gecko 
adhesion and friction have not been fully explored, 
although a few reports are available [148]. Most friction 
models are based on the Coulomb Law or Model of 
Friction, which may not apply to fine biological 
structures. The interfacial interactions between the 
foot pad proteins and the substrate surfaces must be 
further investigated in order to fully understand the 
impact of the sliding velocity on adhesion and friction 
forces. The stick-slip phenomena also need to be 
studied further [148]. 

Gecko-inspired adhesive surfaces have been pro-
posed for various applications, such as wall-climbing 
robots, reversible self-adhesive labels, fixation and 
fastening, and biomedical materials and sports equip-
ment, which require remarkable properties, including 
reversible attachment and detachment without 
breakage, strong stability in a wide range of humidity 
and temperature, and high strength and easy (low 
energy) motion during adhesion. Further work 
resolving these issues will no doubt allow us to realize 
the full potential for the applications of gecko-inspired 
adhesive surfaces. 
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